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Abstract

The overall aim of this PhD project was to gain a better understanding of
the genetic controls of sexual development in Aspergillus species, a topic of
both of fundamental and practical importance. Work covered three areas. First,
over 70 genes have already been identified associated with sexual reproduction
in A. nidulans. In order to maintain A. nidulans as a comprehensive model for
sexual development in the Ascomycotina, genetic studies were undertaken to
determine any role that genes involved in sexual reproduction identified from
other ascomycete species, but not yet studied in A. nidulans, might have in A.
nidulans i.e. to investigate whether such genes were universal ascomycete sex
genes. To achieve this goal, putative gene homologs were identified in A.
nidulans by bioinformatic analysis and then gene function characterised by
screening for sexual fertility of control versus gene deletion strains. Gene
AN2701.2, encoding a putative MAPK (mitogen activated protein kinase)
scaffold protein, was found to be pivotal for sexual development with gene
deletion causing a significant reduction in size of cleistothecia, number of
ascospores and ascospore Vviabilityy The STRIPAK (striatin-interacting
phosphatase and kinases) complex has an essential role in signal transduction.
The STRIPAK subunits AN0164.2 (PP2Ac regulatory unit) and AN6611.2
(STRIP1/2 unit) were also found to be required for normal sexual development
and growth. However, deletion of AN4632.2 (SLAMP unit) did not show any
significant impact on sexual development. The putative transcription factors
AN4813.2, AN1217.2, AN7170.2 and AN7736.2 were investigated. The mybA
homolog AN4813.2 was found to be required for normal sexual development,
with gene deletion leading to a significant reduction in numbers of cleistothecia
and ascospores, and lowered ascospore viability. AN4813.2 deletion in addition
blocked conidiophore formation, indicating a dual role in sexual and asexual
development. Deletion of AN1217.2 also caused abnormal development of
cleistothecia whereas deletion of AN7170.2 and AN7736.2 had no impact on

cleistothecial formation. Deletion of AN37147.2, encoding a glycolipid protein,



reduced the number of cleistothecia and ascospores produced. Deletion of
AN10631.2 had no impact on fruit body formation whilst AN4891.2, predicted
to encode a histone chaperone, appeared essential for general growth.

Second, the role of high mobility group (HMG) genes in controlling sexual
development in A. fumigatus was studied. HMG proteins have previously been
shown to regulate a wide range of developmental processes in eukaryotic
organisms but in the case of fungi, almost all studies have focused only on HMG
genes involved in determination of sexual identity. However, recent studies with
A. nidulans and Podospora anserina had revealed the presence of a network
of additional HMG genes in the genome, many of which were shown to regulate
sexual reproduction in these homothallic/pseudohomothallic species. Studies
were therefore undertaken to investigate the possible role of such additional
HMG genes in the heterothallic species A. fumigatus. Bioinformatic analysis
identified seven putative HMG gene homologs in the genome of A. fumigatus.
Subsequent gene deletion and fertility screening via sexual crossing revealed
that five of the HMG homologs were required for normal sexual development.
As part of this work, gene deletion of the known sexual development activator
gene nsdC was conducted as pilot work, and it was found interestingly that loss
of fertility was only observed when both mating partners were of the AnsdC
background. This necessitated the construction of highly fertile AkuB strains of
both MAT1-1 and MAT1-2 genotype for later characterisation of HMG gene
function.

Third, any possible dual role of HMG genes in the regulation of secondary
metabolism of A. fumigatus was investigated. Levels of the mycotoxins gliotoxin,
fumagillin, pseurotin A and helvolic acid were investigated via HPLC in HMG
deletant strains of A. fumigatus. Both fumagillin and pseurotin A production was
reduced in five of the gene deletants, indicating that these HMG genes
positively upregulated these secondary metabolites. By contrast, gene deletion
had no impact on gliotoxin production.

Overall, studies led to the identification of novel genes involved with sexual

reproduction of A. nidulans, identified a network of HMG genes regulating
[



sexual development in A. fumigtaus, and provided evidence of the dual role of
certain HMG genes in the regulation of both fruit body formation and secondary

metabolism.
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Chapter 1 General Introduction and Literature Review

1.0 The Phylum Ascomycota

Filamentous fungi in the phylum Ascomycota, also called ascomycetes,
are traditionally classified by the formation of asci (sac-like meiosporagnuim)
during their sexual development cycle (Moore, 2011). Based on the characters
of the asci, the phylum can be further divided into three sub-phyla, which are
(1) Taphrinomycotina (archi-ascomycetes) which form naked asci; (2)
Saccharomycotina (hemi-ascomycetes) which reproduce by budding; and (3)
Pezizomycotina (also termed euascomycetes) which produce asci within
fruiting-bodies known as ascomata (also termed ascocarps) (Moore, 2011). In
addition, phylogenetic research over recent decades has shown that many
supposedly ‘asexual’ fungal taxon are located within the Ascomycota, indicating
that they might have cryptic, as yet undiscovered, sexual cycles (Dyer and Kick,
2017).

The majority of described species in the Ascomycota are located within the
Pezizomycotina, with the genus Aspergillus, the primary subject of studies in
the present thesis, being one of the most diverse groups within this sub-phylum
(Moore, 2011; Krijgsheld et al.,, 2013). Representative species include
Aspergillus nidulans, which is a model organism for cell biology and molecular
genetic research; Aspergillus fumigatus, which is an opportunistic human
pathogen that can cause severe lung disease; Aspergillus flavus which can
contaminate crops and produces carcinogenic aflatoxins; Aspergillus oryzae,
which is an important fungus in the Asian food industry; and Aspergillus terreus,
which generates lovastatin which is used medically to control blood cholesterol
levels (Pdggeler et al., 2006; Perez-Sanchez et al., 2017; Challa, 2018; Ibarra

et al., 2018). Species within the genus Aspergillus reproduce asexually via the
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formation of conidiophores and conidia, and certain species can also reproduce
sexually via the production of ascomata and ascospores (Krijgsheld et al., 2013;
Ojeda-Lopez et al., 2018). In relation to traditional fungal ‘dual taxonomy’, the
epithet Aspergillus refers to the anamorphic state genus, while various
teleomorphic genera have been described according to the particular
characteristics of fruiting body produced during sexual reproduction (Dyer and
O’Gormam, 2012; Krijgsheld et al., 2013). For example, the teleomorph of
Aspergillus nidulans is Emericella nidulans, which exhibits the production of
Hulle cells and deeply coloured cleistothecia during sexual development, while
the teleomorph of Aspergillus fumigatus is Neosartorya fumigata, which exhibits
the production of light-coloured cleistothecia with heat resistant ascopores
during sexual development (Dyer and O’Gorman, 2011; Krijgsheld et al., 2013).
However, under the recent ‘One name, One fungus’ convention, a single
taxonomic name is now recommended for a given species (Hawksworth et al.,
2011). Various environment factors influence whether species of the
Ascomycota undergo asexual or sexual development, as will be described
below with a particular emphasis on development in Aspergillus species, the

focus of studies in the present thesis

1.1 Morphological development in the Ascomycota

Members of the Ascomycota may regenerate via asexual development,
sexual development and possibly via a parasexual cycle. Each method of
reproduction involves the differentiation of particular morphological structures
for spore/progeny production as will now be described, with a focus on

Aspergillus species.



1.1.1 Asexual reproduction: formation of conidiophores and conidia

Asexual reproduction involves the development of conidiophores and
conidia in the aspergilli (Figure 1-1). After a period of vegetative growth, the
aerial hyphal cells differentiate into conidiophore stalks, and some hyphal cells
grow vertically to form foot cells (Bennett et al.,, 1992). In the next stage,
conidiophore vesicles form on the aerial stalks in a budding mode of growth,
and later these vesicles form primary sterigmata, also called metualae (Bennett
et al., 1992). Later, nuclei undergo mitotic division, and the daughter nuclei will
move to metula where a septum is formed to separate parental and daughter
nuclei (Bennett et al., 1992). Metualae then form secondary sterigmata (also
called phialides). As a final stage, nuclei divide mitotically and migrate to form
conidia by generating septa (Bennett et al., 1992), with conidial maturation

marked by the accumulation of green pigments (Bennett et al., 1992).

Cessation of growth
in vegetative hyphae

Footcell formation and
Eg stalk emergence
Completion .
of asexual I
reproductive =y
cycle h
Stalk elongation followed
by cessation of growth
o —

~
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induction

Mature

Conidia/‘ fa

Vesicle formation

Young
S (isotropic growth at stalk tip)

AN
4

Metulae emergence
(multipolar budding
at the vesicle dome)

Basipetal production
of conida from phialides

Phialides emergence

TRENDS in Microbiology

Figure 1-1 Condiophore and conidia formation in A. nidulans (Etxebeste et
al., 2010). Figure included as an example from Aspergillus species. However,
note that exact details of condiophores vary within the aspergilli e.g. A. nidulans
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shows biseriate conidial heads with two rows of phialides, whereas A. fumigatus
shows uniseriate conidial heads with a single row of phialides.

1.1.2 Sexual reproduction: formation of fruit body and ascospores

The sexual cycle in the Ascomycota involves complex and specific
processes of cellular differentiation, many of them particular to a given genus
or species. Somatogamy typically occurs under the regulation of mating-type
(MAT) genes (Poggeler et al., 2006). In A. nidulans, the sexual cycle begins
with the formation of a simple and loosely coiled structure with two hyphal
branches arising from a mat of aerial hyphal (Sohn and Yoon., 2002). The initial
morphogical structure is a coiled lump-like structure in which one hyphae forms
the one-celled round head with a tail (likely the ascogonium) and the other
hyphae wraps around the core head in spiral loops (Sohn and Yoon., 2002).
The coiled lump forms a cleistothecia initial by enlarging the multinuclear core
head and further development and tightening of the wrapping hyphae (Sohn
and Yoon., 2002). This ascogenous system develops into a young cleistothecia
when first Hulle cells (nutrient cells) appear, and peridial hyphae become
thickened (Sohn and Yoon., 2002). The inner portion of cleistothecia includes
ascogenous cells from which can develop croziers (Sohn and Yoon., 2002).
Nuclei in the extending region of the crozier undergo synchronous division,
while two compatible nuclei in the bending region of the crozier fuse to form a
young ascus in which ascospores are eventually formed (Péggeler et al., 2006;

Moore, 2011).
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Figure 1-2 Representative example of sexual development in the
Ascomycota, showing fruit body formation in A. nidulans [according to
images from Sohn and Yoon. (2002)]. Two hyphae form a coiled lump structure
as the first morphological stage in sexual development, and then develop into
a cleistothecia initial. Young cleistothecia can be recognised when Hulle cells
appear, and in their interior ascogenous hyphae form crozier tips from which an
ascus develops. In the final stage, mature cleistothecium, including asci, are
formed. Ascospores are released from the mature cleistothecia and germinate
to form a new hyphal colony.

Fruit bodies in the Ascomycota can be classified into four groups based on
the morphology of the ascomata (Figure 1-3): cleistothecia, which are
completely closed spherical structures; perithecia which are more or less closed
flask-like with a pore called ostiole; apothecia which are cup- or saucer-like fruit
bodies; and pseudothecia which are locules within a surrounding stroma

(Poggeler et al, 2006; Lee et al, 2010).



Aspergillus nidulans Neurospora crassa Peziza vesiculosa Cochliobolus heterostrophus
Plectomycetes Pyrenomycetes Discomycetes Loculoascomycetes

Cleistothecium Perithecium Apothecium Pseudothecium

Figure 1-3 The four main types of fruit bodies (ascomata) formed by
Ascomycota (Lee et al., 2010).

1.1.3 Homothallism and heterothallism

Ascomycota undergoing sexual reproduction can be classified as
homothallic or heterothallic according to the requirement or not for mating
partners and the presence of MAT loci (Wilson et al., 2015). Some species such
as A. fumigatus and N. crassa require compatible mating partners, genetically
termed as MAT1-1 (MATa) and MAT1-2 (MAT-HMG), for sexual reproduction to
occur and are categorized as heterothallic (Paoletti et al., 2005; Lee et al.,
2010). The nuclei of heterothallic species contain either MAT7-1 or MAT1-2 loci
in their genome (Lee et al., 2010; Dyer et al., 2017). A peptide pheromone
produced by one mating type partner initiates the sexual cycle and leads to
eventual formation of fruit bodies (Dyer et al., 2017). By contrast, species such
as A. nidulans are able to complete the sexual cycle without the need for an
opposite mating partner, and are instead termed homothallic species, with the
genome of these species containing both MAT7-7 and MAT17-2 loci (Lee et al.,
2010; Dyer et al., 2017). However, most homothallic species are not restricted
to self-fertility and retain the ability to outcross under certain conditions (Dyer
et al., 2017). Comparing the two different modes of sexual reproduction, a
heterothallic breeding system increases the chance of production of genetically
varied offspring via gene recombination during the sexual cycle, whereas

6



homothallism can allow sexual development without the need for a mating
partner, which can be advantageous in certain situations (e.g. it can lead to
production of environmentally resistant ascospores) despite the fact that clonal
offspring are normally produced (Dyer et al., 2017). It is generally thought that
homothallism is evolved from heterothallism (Shiu et al. 2000; Dyer et al., 2017;

Ojeda-Lopez et al., 2018).

1.1.4 Parasexual cycle and unisexual cycle

Another way in which gene flow can occur in fungal populations is via
parasexual reproduction (Lee et al., 2010; Dyer et al., 2017). In this system,
hyphae fuse to form a heterokaryon, and then a diploid nucleus can be formed
via a rare nuclear fusion event. Mitotic recombination may then occur,
accompanied by spontaneous loss of chromosomes (likely via chromosome
non-disjunction) leading to restoration of the haploid state (Todd et al., 2007;
Lee et al., 2010; Bennett et al., 2016; Dyer et al., 2017).

A further mode is unisexual reproduction, in which species reproduce
sexually without a mating partner, and only one mating-type gene is involved,
usually the a mating type, in initiating sexual development (Phadke et al., 2013;
Bennett et al., 2016; Wilson et al., 2018). For example, Huntiella moniliformis is
self-fertile but expresses only the MAT1-2-1 gene, indicating that the species
exhibits unisexual reproduction (Wilson et al., 2015). Unisexual reproduction is
proposed as a parallel pathway for sexual reproduction which is independent

of the need for compatible mating partners (Wilson et al., 2015).



1.2 Model Ascomycota organisms used in research into sexual

development

Three main species (A. nidulans, N. crassa and S. macrospora) have been
used in particular as models for sexual development in the Ascomycota, as will

now be described.

1.2.1 Aspergillus nidulans

Aspergillus nidulans has been used as a model to study sexual
morphogenesis in Aspergillus species. The species is homothallic (self-fertile)
meaning that no other mating partner is required. During the sexual cycle, A.
nidulans hyphae differentiate into ascogonial coils (female structures) and
compatible hyphal partners (male structures) to allow hyphal fusion, which then
generates dikaryotic cells and associated development of cleistothecial initials
(Sohn and Yoon, 2002; Lee et al., 2010; Bennett et al., 2016). During
cleistothecial morphogenesis, nonsporogenous hyphae generate a network of
hyphae forming cleistothecial primordia that produce enzymes including
diphenol oxidase and laccases, and nurse cells termed ‘Hulle’ cells which
surround the cleistothecium and are thought to provide nutrients and laccases
to the developing cleistothecia (Sohn and Yoon., 2002; Lee et al.,, 2010).
Cleistothecia can then mature into smooth, hard, dark-purple spherical shells
with a diameter of 125-200 um (Sohn and Yoon., 2002; Lee et al., 2010; Bennett
et al., 2016). The intercellular space of the cleistothecium is filled with
thousands of asci which contains 8 haploid ascospores in each ascus, with
ascospores generated through nuclei fusion, meiosis and mitosis and
eventually forming binucleate cells when mature (Sohn and Yoon., 2002; Lee

et al., 2010; Bennett et al., 2016).



1.2.2 Sordaria macrospora

Sordaria macrospora has been studied as a model organism for sexual
development in filamentous fungal for reasons such as the presence of a short
life cycle, it can be easily grown and sex induced under laboratory conditions,
it is a homothallic species not requiring a mating partner, and the fact that it
solely produces ascospores and not any asexual spore type (Teichert et al.,
2020). During 7 days of incubation under optimal laboratory conditions, S.
macrospora develops ascogonia, protoperithecia and mature perithecia
(Poggeler et al., 2006). The total absence of conidial production is beneficial as
it allows research to be focused on fruit body development and minimizes the
possible confounding presence of genes involved in the asexual sporulation,
which is different from other species such as A. nidulans (Péggeler et al, 2006).
Although S. macrospora is self-fertile, the strain is able to outcross and allows

studies of allele segregation via meiosis (Teichert et al., 2020).

1.2.3 Neurospora crassa

N. crassa is a heterothallic species in which fruit bodies (perithecia) are
formed within a relatively short developmental time of 14 days (Roche et al.,
2014). Under suitable conditions, an N. crassa strain of one mating type (A or
a) forms a female element called protoperithecium, which is the pre-fruiting
body, and this structure generates trichogynes to receive a vegetative male cell
or conidium from a strain of the opposite mating-type (Metzenberg and Glass,
1990). Once fertilized, the dikaryotic ascogenous hyphae undergoes nuclear
fusion, and meiotic events occur, while associated fruiti body (perithecium)
development occurs, finally leading to the formation of mature ascospores

(Metzenberg and Glass, 1990). The ascospores germinate after a heat shock



and form vegetative mycelium, which may then undergo the asexual or sexual
cycles in due course (Metzenberg and Glass, 1990).

Heterokaryon incompatibility needs to be considered as an aspect of the
N. crassa sexual cycle, as it may have a function in ascospore maturation and
germination (Metzenberg and Glass, 1990; Roche. et al., 2014; Wang et al.,
2014). Heterokaryon incompatibility (HI) is hypothesized as a self/nonself
recognition system, and certain of the corresponding heterokaryon
incompatibility (hef) loci have been shown to have essential functions in
perithecial formation during the hyphal and nuclear fusion stages in N. crassa

(Paoletti and Saupe, 2009; Roche et al., 2014; Wang et al., 2014).

1.3 Genes involved in sexual development

Approximately, 78 genes have been shown to have a function in sexual
development of A. nidulans. These include genes for environmental sensing
which activate early stage of sexual reproduction and activate and upregulate
other sexual related genes, genes for signalling the synchronous development
of fruit body and meiotic tissues, certain metabolic genes necessary for sexual
development and a variety of other genes. These have been reviewed by Dyer
and O’Gorman (2012) and summarised as shown in Figure 1-4. These genes
and associated environmental factors will now be described in further detail

below.
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Figure 1-4 Genes regulating sexual development in the aspergilli. Proteins
in same box are regarded to act at the same stage of development. Blue arrows
indicate activation effects on genes. Red lines indicate repression effects on
genes. Black lines indicate connections to different stage of development
(Dyer and O’'Gorman, 2012). Note that genes ar grouped according to their
impact on specific stages of cleistothecial development e.g. genes triggering
development of cleistothecial initials versus genes involved with later stages of
development such as ascospore formation. Also note that an updated version
of this figure will be provided in the final concluding discussion (Figure 6.1).

1.3.1 Environmental and endogenous factors involved with sexual

development

A variety of external environmental and endogenous factors have been
shown to influence sexual development in Aspergillus species as will now be

described.

1.3.1.1 Light

Sexual morphogenesis of Aspergillus species is photo dependent. To

induce the sexual cycle of A. nidulans, strains must ideally be cultivated in the
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dark, with the key regulator being the veA ‘velvet’ gene. VeA is an essential
factor in activation of sexual development and inhibition of asexual
development in the darkness (Bayram et al., 2008). The VeA protein contains a
nuclear localization signal (NLS) sequences at the N-terminus, and at its C-
terminus includes a potential PEST domain (so named as the domain contains
a high proportion of proline, glutamic acid, serine and threonine residues) which
may act as a signal for protein degradation (Calvo et al., 2008; Park et al., 2014;
Bayram and Braus., 2021). Deletion of veA resulted in a failure in fruit body
formation, while overexpression led to production of Hdulle cells and
cleistothecia in liquid culture, conditions under which only hyphal growth
normally occurs (Calvo et al., 2008). Further studies identified that VeA interacts
with other proteins such as velvet VelB and KapA to activate fruit body formation
(Bayram et al., 2008; Park et al., 2012). VeA and VelB form the so-called ‘velvet
complex’ in the cytoplasm, and in the dark the complex is transported into nuclei
via the interaction between VeA and an importin KapA, and sexual development
is thus initiated (Bayram et al., 2008). Besides triggering cleistothecial formation,
veA is also involved in secondary metabolism as discussed later (Section 1.4).
Another velvet protein is VelC, which contains a putative PEST domain at C-
terminus, and which also activates sexual development and may interact with
vosA for a promotion of VeA-VelB complex formation (Park et al., 2014). It is
noted that most laboratory strains of A. nidulans contain a truncated NLS
domain in VeA, with the arising veA1 mutant strains [first identified by Kafer
(1965)] having higher levels of asexual conidiation in the dark than the wild type
and and are consequently less effective in sexual development (Stinnett et al.,
2007; Han et al., 2010).

Sexual development of A. nidulans can be repressed by red light (680 nm)
and blue light (450 nm) (Blumenstein et al, 2005). The red-light sensor is fphA

(fungal phytochorome), and an fphA null strain produced cleistothecia when it
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was incubated in red light, while the wild-type formed conidia (Blumenstein et
al, 2005; Purschwitz et al, 2009). The blue-light sensors are ireA and ireB (light
response), and these genes act as activators of fruit body formation, given that
deletion of either ireA or ireB led to a decrease in cleistothecial numbers when

the strains were cultivated in dark (Purschwitz et al, 2008).

1.3.1.2 Atmosphere

The composition of the gaseous atmosphere can influence fruit body
formation in the aspergilli. To induce sexual cycles under laboratory conditions
of aspergilli such as A. nidulans and A. fumigatus, it is recommended to seal
plates for accumulation of carbon dioxide (CO2) as this blocks the electron
transport system and leads to a lack of oxygen stress (Han et al., 2003; Ashour
2014; Ashton and Dyer, 2019). In S. macrospora, the presence of CO2 leads to
an accumulation of bicarbonate in the cytoplasm, which can influence various
essential physiological processes (Elleuche and Péggeler, 2009). The gene
cas2, encoding a carbonic anhydrase, is essential for ascospore germination,
with the growth defect in Acas2 strains being recovered by growth under a
higher CO2 concentration (Elleuche and Pdggeler., 2009).

Nitric oxide (NO) is a signaling compound that triggers nitrosative stress in
eukaryotes. To reduce the stress, organisms synthesize flavohemoglobins
(FHbs) to convent NO into nontoxic nitrate ions in the presence of oxygen (O2)
(Baidya et al., 2011; Macro et al., 2016). Supplementation of NO in A. nidulans
promotes cleistothecial formation, consistent with the finding that deletion of
fhbA resulted in an accumulation of NO and subsequent increased formation of
Hulle cells and cleistothecia in A. nidulans (Baidya et al., 2011). Besides
regulating sexual development, fhbA also affects mycotoxin biosynthesis in A.
nidulans, AfhbA strains producing less sterigmatocysin (ST) than wild types

(Baidya et al., 2011). Other sexual development activators nsdD and steA
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(transcription factors) show increased expressions under elevated NO level that

thereby promote fruit body formation (Baidya et al., 2011).

1.3.1.3 Nutrients

Under labotorary conditions, the composition of the growth media may
trigger sexual and/or asexual development. For example, the carbon/nitrogen
ratio, phosphorus concentration, salt concentration, and presence or absence
of manganese and pH all influence levels of cleistothecial formation in the
aspergilli (Dyer and O’Gorman, 2011). Amino acid starvation represses
cleistothecia development at an early stage, and Hoffmann et al. (2000)
identified a c-Jun like transcription factor CpcA and RACK1 like protein CpcB
that respond to amino acids in the environment. In the cross-pathway-control
(CPC) of amino acid biosynthesis and detection during sexual development,
cpcA represses fruit body formation under nitrogen limitation, whereas if
sufficient amino acids are present, cpcB permits cleistothecial formation
(Hoffmann et al.,, 2000). A low phosphorus concentration inhibits sexual
development in wild-type strains, while the mutation of gene phoA, a cyclin-
dependent kinase, allowed fruit body formation under the same conditions,
suggesting that phoA responds to phosphorus limitation and represses the
sexual cycle (Bussink and Osmani, 1998). Another cyclin-like protein encoded
gene An-pho80 positively regulated sexual development when the phosphorus
concentration was low (Wu et al.,, 2004). Salt is another nutrient factor
influencing morphological differentiation in Aspergillus. For example, the gene
IsdA senses the concentration of salts and inhibits sexual development when

salt concentration is high (Lee et al., 2001).
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1.3.1.4 Reactive oxygen species

Reactive oxygen species (ROS) are by-products of the respiratory chain or
other enzymatic reactions that taking place in mitochondria, peroxisomes and
chloroplasts involving oxygen, and suitable concentrations of ROS act as
signaling molecules in cellular communication (Marschall and Tudzynski, 2016).
The ROS are formed by NADPH oxidases (Nox) in the endoplasmic reticulum
(ER) and mitochondria and affect fungal cell differentiation (Marschall and
Tudzynski, 2016). In A. nidulans, the gene noxA encodes a NADPH oxidase
that produces H202 and other ROS and promotes the maturation of
cleistothecia and ascospores, because deletion of noxA represses fruit body
formation at the stage of cleistothecia initials and blocks ascospores completely
(Lara-Ortiz et al., 2003). Similarly, in S. macrospora the NOX complex NOX1
regulates oxidative stress response, hyphal fusion, perithecia maturation, and

NOX2 controls ascospore germination (Dirschnabel et al., 2014).

1.3.1.5 Oxylipin pheromone

Champe et al. (1987) extracted a family of species-specific hydroxylated
linoleic acid derivates from A. nidulans that inhibited conidiation and induced
cleistothecial formation, with the compounds being termed precocious sexual
inducers (psi; Tsitsigiannis et al., 2004). In A. nidulans, the gene ppoA (psi
producing oxygenase) is located in lipid bodies present in Hille cells and
metulae and is involved in psiB production, which then upregulates sexual
development (Tsitsigiannis et al., 2004). Two other related ppo genes are ppoB
and ppoC. The deletion of ppoB reduces the synthesis of psiBB molecules and
ascospore production, whereas the deletion of ppoC increases the production
of psiB and subsequently promotes sexual sporulation (Tsitsigiannis et al.,

2004). Overall, the triple deletion of ppo genes led to an increase in fruit body
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formation in A. nidulans, which suggests ppoB is a suppressor, and the genes
ppoA and ppoC are antagonistic activators of cleistothecial formation

(Tsitsigiannis et al., 2004; Tsitsigiannis et al., 2005).

1.3.2 Regulatory signal transduction cascades, cellular complexes and

transcription factors involved in sexual development

A variety of regulatory factors including signal transduction cascades,
cellular complexes and various transcription factors have been shown to

influence sexual development in Aspergillus species as will now be described.

1.3.2.1 Mating Processes: mating-type genes

Mating-type (MAT) genes are essential for both heterothallic and
homothallic sexual cycles, as they act as master regulators of sexual
reproduction (Dyer et al., 2016). MAT genes encode proteins that include DNA-
binding motifs, which means they can function as transcriptional activators
during sexual reproduction (Shui and Glass, 2000; Paoletti et al., 2007). In
heterothallic species the MAT locus may contain from one to three genes, with
the core genes being MAT1-1-1 (which encodes a protein with an a-domain
region containing a DNA binding motif) and MAT1-2-1 (which encodes a protein
with an HMG-domain region containing a DNA binding motif) while in
homothallic species the opposite mating-type genes are found either fused
together, linked in the same region, or at separate loci in the same genome
(Shui and Glass, 2000; Paoletti et al., 2007; Dyer et al., 2016). MAT genes
normally regulate pheromone signalling in heterothallic species in a mating-
type dependent manner, with expression of a- and a-factor-like pheromone
precursors and receptors being mating-type dependent (see Section 1.3.3.2.
below) (Paoletti et al.,, 2007; Dyer et al.,, 2016). MAT genes are as well

suggested to have a role in nuclear identity during fruit body development, and
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be involved in differentiation of Hille cells (Paoletti et al., 2007). Intriguingly, it
has more recently been shown that MAT genes might mediate a broader set of
cellular processes including asexual sporulation and secondary metabolite

production (Dyer and Kick, 2017).

1.3.2.2 Pheromone and G-protein signaling

The G protein signaling is an evolutionarily conserved signal pathway,
which comprises three parts: (1) a seven-transmembrane-spanning G-protein-
coupled receptor (GPCR), (2) a G protein heterotrimer and (3) an effector. In
fungi, the effectors are either cAMP-dependent protein kinases, or mitogen-
activated protein kinase (MAPK) cascade (Seo et al., 2004). During fungal
sexual reproduction a specific GPCR senses pheromones made by a mating
partner and the subsequent G protein signaling regulates sexual development.
In the case of A. nidulans, an alpha-factor pheromone precursor is produced by
the gene ppgA and is edited to form a final PpgA peptide mainly under the
regulation of MAT1-1-1 (Dyer et al., 2003; Paoletti et al., 2008; Kilx et al., 2010).
Two related pheromone receptor GPCRs in A. nidulans are GprA and GprB
whose expression is partly controlled by MAT1-1 and MAT1-2, respectively
(Paoletti et al., 2007). RNA expression analysis showed that gprA and gprB
transcripts accumulated after 48 hours of induction of the sexual cycle and were
degraded after 96 hours (Seo et al., 2004). Deletions of gprA or gprB reduced
the cleistothecial number and size and the number of ascospores, which also
showed reduced viability (Seo et al., 2004). Furthermore, the double mutation
blocked cleistothecia formation entirely. Another GPCR, GprD, is a repressor
of sexual development and is thought to function upstream of GprA and GprB,
as deletion resulted in cleistothecia formation even under unfavorable growth
conditions (Han et al., 2004). In S. macrospora, the homologous pheromone-
percursor/receptor pairs are PPG1/PRE2 and PPG2/PREL1 that have also been

17



shown to initiate sexual development (Mayrhofer et al., 2006).

In the signaling pathway, the heterotrimeric G-protein exchanges the GDP-
bound state to GTP-bound state, which dissociates the heterotrimeric complex
into GTP-bound Ga- and GBy-subunits, and transmits a signal to the next stage.
G-proteins in A. nidulans include fadA, encoding the Ga-subunit, sfaD,
encoding the GB-subunit, and gpgA, encoding the Gy-subunit (Rosén et al.,
1999; Yu et al., 1999; Seo et al., 2005). The FadA-SfaD-GpgA G-protein affects
vegetative growth, asexual sporulation, and fruit bodies formation (Rosén et al.,
1999; Yu et al., 1999; Seo et al., 2005). In sexual development, the deletion of
each gene blocks cleistothecial formation, and a regulator FIbA is involved as
the flboA mutant strain showed a fluffy-autolytic phenotype which does not
support normal sporulation of A. nidulans (Yu et al., 1999; Rosén et al., 1999;
Han et al., 2008). The regulator FIbA inactives FadA and SfaD, which promotes
the expression of EsdC which is activator of sexual development (Han et al.,
2008). Another regulator of the GBy-subunit is PhnA which is a chaperone, and
the deletion abolished fruit body formation (Seo and Yu, 2006). In other
Ascomycete specie such as N. crassa, G-proteins subunits GNA-1 (Ga), GNB-
1 (GB) and GNG-1 (Gy) are also required for female fertility, protoperithecia
development and ascospore maturation (Kays et al., 2000; Yang et al., 2002;

Kays and Brolovich., 2004; Krystofava and Borkovich., 2005;).

1.3.2.3 Mitogen-Activated Protein Kinase (MAPK) pathway

The Mitogen-activated protein kinase (MAPK) pathway consists of three
protein kinases that form a cascade in eukaryotic organisms for signal
transduction in cells. In filamentous fungi, there is a dedicated signal pathway
which is involved with pheromone response during fungal sexual development.
In the case of A. nidulans this MAPK module includes the proteins MAP3K

(Anstell), MAP2K (Ste7), MAPK (MkpB) and Ste50, which together control
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sexual development and secondary metabolism (Bayram et al., 2012). AnSte50
(SteD) is thought to act as an adaptor in the module because deletion abolishes
interaction between AnStell (SteC) and Ste7 (MkkB), and leads to reduced
interaction between Ste7 and MkpB. Ste50 also enhances association of the
MAPK module with the plasma membrane (Bayram et al., 2012). Bayram et al.
(2012) investigated the localization of the cascade, and their research
suggested that the MAPK module AnStel1-Ste50-Ste7-MpkB travels from the
outer border of the fungal cell, through the cytoplasm, and to the nuclear
envelope to deliver MpkB into the nucleus. Subsequently, MpkB actives a
transcription factor SteA to trigger the sexual cycle. MpkB also appears to
interact with VeA in the nucleus to influence the production of sterigmatocystin
(Bayram et al., 2011). More recently, Frawley et al. (2018) identified a scaffold
protein HamE that is a regulator of this MAPK module, with hamE mutant
strains losing the potential for sexual development. The homologous
pheromone signaling module SteC-MkkB-MpkB-SteD-HamE was also
assessed in the heterothallic A. fumigatus, and was found to regulate asexual
development, cell oxidative stress responses, and secondary metabolite
production, although any function in fruit bodiy formation remains to be
investigated (Frawley et al., 2020).

The MAPK pathway seems to have a ubiquitous role in sexual
development of filamentous fungi. For example, in S. macrospora the MAPK
pathway is encoded by genes mikl (MAPKKK), mekl (MAPKK) and makl
(MAPK) that are essential for perithecia formation, and pro40 facilitates MAK1
phosphorylation as a scaffold protein (Teichert et al., 2014; Engh et al., 2007).
In N. crassa the MAPKKK gene nrc-1 and MAPK gene mak-2 are responsible

for activating hyphal fusion and female fertility (Pandey et al., 2004).

19



1.3.2.4 Striatin-interacting phosphatase and kinases (STRIPAK) complex

The straitin-interacting phosphatases and kinases (STRIPAK) complex is
an evolutionary conserved feature of eukaryotes that mediates a variety of
cellular signalling processes. The STRIPAK complex is composed of a number
of protein subunits. Detailed investigations identified the serine/threonine
phosphatases PP2A and PP2Ac, which act as regulatory and catalytic units,
and interact with each other to form a dimer, and this dimeric core offers a
platform for striatin to bind with the striatin-interacting phosphatase and kinases
(Figure 1-5; Goudreault et al., 2008; Kuck et al., 2016). Further, the trimeric
complex interacts with monopolar spindle-one-binder family protein (MOB3,
phocein), which has a role in vesicular trafficking in cells, with the resultant
complex being named ‘STRIPAK’ by Goudreault et al. (2009). The STRIPAK
complex in mammalian cells was also found to interact with the cerebral
cavernous malformation 3 protein (CCM3) and germinal centre kinase
subgroup IlI (GCKIIl kinase), sarcolemmal membrane-associated protein
(SLMAP) and/or other associating proteins, and fungal STRIPAK complex
interacts with the homologs of GCKIIl kinase and SLAMP (Goudreault et al.,
2009; Kick et al., 2016; Shi et al., 2016). The STRIPAK complex mediates
various signal pathways in mammalian cells. For example, when interacting
with GCKIIl kinase via the binding with CCM3, the complex regulates the
activity of GCKIII that is a key kinase in the Hippo pathway, which regulates cell
size and homeostasis, and CCM3 enhances kinase activities of the MAPK
pathway to promote cellular processes (Shi et al., 2016). CCM3 and GCKIlI,
STRIP and MOB proteins have a role in mediating MAPK signalling in the
STRIPAK complex, as well (Shi et al., 2016). The striatin unit and complex also
participate in nongenomic NR pathway and cytoskeleton remodelling, which
responds to steroid and thyroid hormones in the external environment,

respectively (Shi et al., 2016).
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In fungi, the STRIPAK complex has been shown to control septation,
sexual development, hyphal fusion and growth. In the fission yeast
Schizosaccharomyces pombe, the STRIPAK complex is involved in the
septation initiation network (SIN) that regulates cytokinesis, and was named the
SIN-inhibitory PP2A complex (SIP; Singh et al., 2011). Regarding filamentous
fungi, the STRIPAK complex was first studied in S. macrospora. The core
subunit PRO45, which is the membrane anchoring unit, was found to bind with
other two STRIPAK subunits PRO11 and SmMOB3 which are phosphatase
regulatory subunit and kinase activators, respectively (Figure 1-5). PRO45 is
essential for cell-to-cell fusion and sexual propagation in S. macrospora as the
pro45 mutant strains failed to fuse hyphae and were sterile (Nordzieke et al.,
2015). The homolog of PRO45 in N. crassa is HAM-4 which effects
morphological development, with deletion of ham-4 delaying protoperithecium
formation and leading to aberrant meiosis and abnormally shaped ascospores
(Simonin et al., 2010). At the onset of the present thesis, the only STRIPAK
subunit identified from A. nidulans was StrA that was found by Wang et al. (2010)
to be a homolog of pro11 and which was shown to regulate sexual development
in A. nidulans. Deletion of strA reduced the number and size of cleistothecia
and number of ascospores whilst overexpression promoted cleistothecial
formation (Wang et al., 2010). StrA localized to the endoplasmic reticulum and

2+/

nuclear envelope, which suggested a role in the Ca“"calmodulin signaling

pathway (Wang et al., 2010).
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Figure 1-5 Model of the STRIPAK complex in Sordaria macrospora (Klck
et al.,, 2016). PRO11 (straitin) acts as platform to interact with the PP2Ac1-
PP2AA-PRO22 (STRIP) heterotrimer, PRO45 (SLAMP), SmMOB3 and
SmKIN3-SmKIN24 units, and the overall complex is associated with regulatory
cellular processes.

1.3.3 Transcription factors

Transcription factors regulate the expression of target genes and are
classified by their DNA-binding domains. These include zinc finger domains,
homeobox domains, basic helix-loop-helix domains, mating-type domains, and
Myb-like domain and so on (Shelest, 2008). A variety of such transcription
factors have been identified from A. nidulans and have been shown to regulate
various stages of sexual development. During early stages of mating,
pheromones synthesized under the control of MAT genes are detected by
cognate GPCRs, which transduce a signal to the pheromone cascade MAPK
pathway (Seo et al., 2004; Bayram et al., 2011; Dyer and O’Gorman, 2012).
The ultimate effector in this process is steA, a transcription factor containing a

Zn?* finger domain at the C-terminal and homeodomain at the N-terminal
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(Vallim et al., 2000). Vallim et al. (2000) suggested that both domains have the
potential to bind DNA, while one of them may function in protein-protein
interaction. SteA regulates fruit body development at an early stage, as gene
mutation was found to block the formation of cleistothecial initials (Vallim et al.,
2000).

Another early effector of G-protein signalling is EsdC (early sexual
development), whose expression is repressed by the heterotrimeric FadA-
SfaD-GpgA complex (Han et al., 2008). When veA expression is induced, and
FIbAinactives the FadA-SfaD-GpgA complex, esdC is expressed at a high level
during the early stages of sexual development (Han et al., 2008). The nsdC has
a fungal specific C2H2 zinc finger motif, featuring with highly conserved DNA-
binding domain including six cysteine residues and two zinc atoms to form
monomer, homo-or hetero-dimers in DNA interaction in the fungal kingdom
(Shelest 2008; Kim et al., 2009).

A further gene relating to G-protein signallling is nsdD (never sexual
development), which encodes a protein with a zinc-finger domain and is a
GATA-type transcription factor required for cleistothecia and Hdille cell
differentiation. The expression of nsdD is dependent on the G-protein regulator
FIbA which is a key element in balancing sexual and asexual development (Han
et al., 2001; Han et al., 2008). NsdD accumulates during vegetative and early-
stage sexual development, but degrades during conidiation, and its
overexpression promote sexual development under conditions normally
inhibitory for sex (Han et al., 2001).

In a parallel pathway to nsdD, a further zinc-finger protein NosA (number
of sexual spores) responds to carbon starvation in A. nidulans and promotes
sexual development (Vienken and Fischer., 2006). Deletion of nosA caused
abnormal cleistothecia development in terms of size and number, and also

reduced ascospore number. NosA was found to regulate the expression of
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CpeA (a catalase-peroxidase) and HxtA (a high-affinity hexose transporter)
which are involved with response to nutrient limitation (Vienken and Fischer.,
2006). Expression of nosA can be repressed by a further zinc-finger protein
RosA, which is a repressor for sexual development and is induced under carbon
limitation (Vienken et al., 2005; Vienken and Fischer., 2006). Mutation of rosA
enabled Hulle cell differentiation under submerged growth conditions (Vienken
et al., 2005).

Another conserved transcription factor domain in fungi is the bHLH-like
structure, with example genes being stuA and devR (Shelest 2008; Dyer et al.,
2011). The gene stuA has multiple roles in morphological development of A.
nidulans including acting as an activator of sexual development (Wu and Miller,
1997). Another bHLH-like transcription factor is devR, which induces sexual
cycle under conditions of nitrogen limitation (TUncher et al., 2004).

The COP9 (constitutive photomorphogenesis complex 9) signalosome is
comprised of eight subunits, and functions as a metalloprotease to degrade
eukaryotic ubiquitin-dependent proteins (Wei and Deng, 2003; Chamovitz,
2009). The subunits are identified by the presence of either a PCI or MPN
domain. The former is rich in a-helixes which function to maintain the integrity
of the COP9 signalosome (CSN) subunits, while the later is conserved in the
CSNS5 unit for de-ubiquitination activity (Wei and Deng, 2003; Chamovitz, 2009).
In fungi, the CSN complex is critical for sexual development, and in A. nidulans,
eight subunits have so far been identified (Busch et al., 2003; 2007). The first
CSN subunit identified was CsnD that is involved in light signaling, with
mutation resulting in defects in fruit body formation (Busch et al., 2003). Later,
Busch et al. (2007) identified other CSN subunits including CsnA, CsnB, CsnC,
CsnE,CsnF, CsnG and CsnH. Among those subunits, CsnA CsnB, CsnD and
CsnG form a stable core as the basis of the complex via PCI domains, and

CsnA and CsnD were essential for the assembly of CsnE, with gene mutation
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causing a block in fruit body formation (Busch et al., 2007).

1.4 Genes relating to sexual development and secondary metabolism

Genes that regulate sexual development may also be involved in primary
and secondary metabolism. For example, sexual development in A. nidulans is
initiated by the VeA-VelB complex which is imported into the nucleus under
darkness. Here it appears that the complex binds with LaeA to promote
sterigmatocystin synthesis (Bayram et al., 2008). VosA promotes trehalose
biosynthesis which protects ascospores from thermal and oxidative stresses
(Kim et al., 2020). In A. fumigatus, the over-expression of mating-type genes
increased the production of the mycotoxins fumagillin and pseurotin A, and
additional upregulation and downregulation of secondary metabolism genes
was detected (Yu et al., 2018). In A. flavus, the aflatoxin B1 accumulated at
significantly higher levels in fertile rather than un-mated strains, and the
expression of MAT1, preA and preB were upregulated in highly fertile mated

sclerotia (Lius et al., 2022).

1.5 Dynamics of sexual and asexual development

Genes relating to asexual development can be classified into two groups
according to their functions in morphological development. Regulatory genes,
including veA, fphA, fluG, have been termed ‘upstream development activators’
(UDAs), which inhibit vegetative growth and initiate conidiophore development,
while genes, including brlA, abaA, wetA, in the central developmental pathway
(CDP) control the development of conidiophore phialide and the production of
conidia (Etxebeste et al., 2010). For conidiophore development, in association
with FIbE, FIbB is able to form a nuclear complex with FIbD, which activates
transcription factors in the CDP such as BrlA, which leads to the subsequent

expression of abaA, which then activates wetA expression to promote conidia
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formation (Etxebester et al., 2010). The transcriptional regulator UrdA is an
activator of asexual development and a repressor of sexual development
because it controls the expression of brlA, abaA and wetA and inhibits sexual
development genes such as veA, steA and nsdD (Pandit et al., 2018). The gene
SstuA has a dual role in both sexual and asexual development, with deletion
causing defective conidiophore formation and reducing the number of
cleistothecia initials (Wu and Miller., 1997). Mutation of vosA results in reduced
conidial spore viability as the spores may lack of cytoplasm and organelles, and
the conidia are much less resistant to temperature and oxidative stress (Ni and

Yu., 2007).

1.6 Aims of the present study

The overall aim of this PhD project was to gain a better understanding of
the genetic controls of sexual development in Asergillus species. This is both
of fundamental importance, with sexual development being a key biological
process, but also of practical importance as it was hoped that insights gained
could be used to manipulate the sexual cycles of important fungal species (both
beneficial and pathogenic species) for reasons such as strain improvement and
for use as a tool for genetic analysis (Dyer and Ashton 2016), as well as

elucidating possible reasons for asexuality in economically important fungi
(Dyer and Kiick, 2017). Linking in with this, the key study aims were as follows.

(1) To further develop our understanding of the genetic control of sexual
development in A. nidulans.

Over 70 genes have already been identified as being required for normal
sexual development in A. nidulans (Dyer and O’Gorman, 2012). However, in
the past decades a growing number of additional genes have been identified
as being essential for sexual development in other ascomycete fungi such as

Sordaria and Podospora species, with multiple roles proposed in cellular
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processes including signal transduction, transcriptional control, stress response
and heterokaryon incompatibility. However, any potential role in sexual
reproduction in the aspergilli has not been shown for the majority of such genes.
In order to maintain A. nidulans as a comprehensive model for sexual
development in the Ascomycotina, genetic studies were therefore undertaken
to determine any role that these ‘additional’ genes might have in the control of
sexual development in A. nidulans to investigate whether the genes were
indeed universal ascomycete sex genes. Target genes included members of
the striatin-interacting phosphatases and kinases (STRIPAK) complex,
transcription factors, heterokaryon incompatibility determinants, and signal
pathway units. As an initial part of this work experimental work was to be
undertaken to optimise conditions under which the sexual cycle of A. nidulans
can be induced in vitro to facilitate later screening of the fertility of transformant
strains.
(2) To investigate the role of high mobility group (HMG) genes in
controlling sexual development in the heterothallic species A. fumigatus
High mobility group (HMG) proteins have been shown to regulate a wide
range of developmental processes in eukaryotic organisms and comprise a
large group of sub-classes of protein families (Idnurm et al., 2008). In the case
of fungi, HMG genes are best known for their role as ancestral genes with an
essential role in the determination of sexual identity, namely the MATA_HMG
and MATa_HMG families (Martin et al., 2010). However, recent genomic and
experimental investigations in A. nidulans and P. anserina have revealed the
presence of a series of additional HMG genes in the genome, which have been
shown to form a network regulating sexual reproduction in these homothallic
and pseudohomothallic species, respectively. It was therefore aimed to
determine if a similar network of HMG genes was present in A. fumigatus, and

to assess whether any difference in gene function was present in this
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heterothallic species. This was to involve a combination of bioinformatic
analysis followed by gene deletion experimental work, including the
construction of highly fertile AkuB MAT1-1 and MAT1-2 mating strains.
(3) To investigate any dual role of high mobility group (HMG) genes in
secondary metabolite biosynthesis of A. fumigatus

Genes related to sexual development have previously been shown to affect
the production of secondary metabolites in fungi. For example, the VeA-VelB
complex induces cleistothecial formation in A. nidulans, and at the same time
promotes production of the mycotoxin sterigmytocystin (Bayram et al., 2008).
However, at the start of the present studies it was unknown whether HMG family
genes, including mating-type (MAT) genes, had any role in the regulation of
secondary metabolism in fungi. Therefore, work was undertaken to evaluate
any link between HMG genes and secondary metabolite production in A.
fumigatus, focusing on mycotoxins such as fumagillin and gliotoxin which are
thought to have a role in virulence and are thus of biomedical interest. Studies
were to involve screening for suitable media for mycotoxin production and then
testing for mycotoxin production via HPLC in both wild type and AHMG knock-

out strains.
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Chapter 2 General Materials and Methods

The following chapter describes general materials and methods applicable
to experimental work in more than one chapter of the PhD thesis. Where
experimental materials and methods are only relevant to a single chapter, then

they will be described in that chapter.

2.1 Materials

Various growth media were used for cultivation of fungal stocks as follows.
All chemical reagents were supplied by Sigma, UK (at analytical grade if

available) unless specified otherwise.

2.1.1 Media

Aspergillus Complete Medium (ACM)

ACM was prepared by dissolving the following components in 900 mL
distilled water (DW): 10 g D-glucose powder (Fisher Scientific, UK), 1 g yeast
extract powder (Oxoid, UK), 2 g peptone (Bacto, France), 1 g casamino acids
(Bacto, USA), 0.075 g adenine, 10 mL Aspergillus vitamin solution, and 20 mL
Aspergillus salt solution according to Paotetti et al. (2005). 20 g agar (Sigma,
UK) when necessary, and the pH was adjusted to 6.5 with the final volume
made up to 1 L by addition of distilled water. The medium was autoclaved at

117°C for 30 min.

Aspergillus vitamin solution

Aspergillus vitamin solution stock was prepared by dissolving the following
components: 400 mg p-aminobenzoic acid (Duchefa Biochmie, The
Netherland), 50mg thiamine HCI (Sigma, UK), 2 mg d-biotin, 100 mg nicotinic
acid, 250 mg pyridoxine hydrochloride, 1.4 g choline chloride and 100 mg
riboflavin in 1 L distilled water.
Aspergillus salt solution

Aspergillus salt solution stock was prepared by dissolving the following
components: 26 g KCI, 26 g MgS0O4-7H20, 76 g KH2PO4 in a suitable volume
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of distilled water. 10 mL Aspergillus trace elements (see below) were then
added with, and the solution was made up to a final volume of 1 L with distilled
water.

Asperygillus trace elements solution

Aspergillus trace element solution was prepared by dissolving the following
components: 40 mg Na2B4O7-7H20, 800 mg CuSO4-5H20, 800 mg FePO4-H20,
800 mg MnSO4-4H20, 800 mg NaMoO4-2H20, and 8 g ZnSO4+7H20 in 1 L
distilled water.

Aspergillus Minimal Medium (AMM)

AMM was prepared by dissolving the following components in 900 mL
distilled water: 20 g D-glucose, 6 g NaNOs, 0.52 g KCI, 0.52 MgS0O47H20, 1.52
g KH2POu4, 2 g peptone, 1 crystal ZnSO4+7H20, 1 crystal FeSO4+7H20 (Acros,
USA) and 20 g agar when necessary. The pH was adjusted to 6.5, and the final
volume was made up to 1 L with distilled water. The medium was autoclaved at
117°C for 30 min.

Glucose Minimal Medium (GMM)

GMM was prepared by dissolving the following components in 900 mL
distilled water : 10 g D-glucose, 6 g NaNOs, 0.52 g KCI, 0.52 MgS0O4+7H20,
1.52 g KH2PO4,1 mL Hutner’s trace element solution, and 20 g agar when
necessary. The pH was adjusted to 6.5, and the final volume was made up to 1

L with distilled water. The medium was autoclaved at 117°C for 30 min.

Glucose Glutamine 10 (GG10)

GG10 (Geib and Brock., 2017) was prepared by dissolving the following
components in 900 mL distilled water: 9 g D-glucose, 1.46 g glutamine (Acros,
USA), 50 mL 20X Salt stock (-N), 1 mL Hutner’s trace element solution, 218.6
g sorbitol (as an osmotic stabilizer for transformations), and 20 g agar when
necessary. The pH was adjusted to 6.5, and the solution was made up to a final
volume of 1 L with distilled water. The medium was autoclaved at 117°C for 30
min.
20X Salt Stock (-N)

20X Salt Stock (-N) was prepared by dissolving the following components:
10.4 g KCI, 10.4 g MgS04-7H20, 30.4 g KH2POu4 in 1 L of distilled water. The

solution was autoclaved at 121 ‘C for 15 mins.
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Hutner’s Trace Elements solution

Hutner’s trace elements (Hunter et al., 1950) solution was prepared by
dissolving the following components: 10 g EDTA, 4.4 g ZnSO4+7H20, 2.2 g
MnCl2:4H20, 1 g FeSO47H20, 1 g CoCl2:6H20 (Fisher, UK), 0.32 g
CuS04+5H20, 0.22 g (NH4)M07024°4H20 in 100 mL distilled water.
Sorbitol Minimal Agar (SMA)

SMA was prepared by dissolving the following components: 10 g D-glucose,
40 mL 25X MN Salt, 1 mL 1000X trace element solution 218.7 g D-sorbitol, 15
g agar in 1 L distilled water.The medium was adjusted to pH 6.5 and autoclaved
at 117 °C for 30 mins. 20mL of a 50X MgSOs stock solution was added
aseptically when the medium was used.
50X MgSOs solution

50X MgSOs4 solution was prepared by dissolving the following components:
26 g MgSO4 -7H20 in 1 L, and the solution was autoclaved at 121 °C for 15
mins.
25X MN salts solution

25X MN Salts solution was prepared by dissolving the following
components: 150 g NaNOs, 13 g KCI, 38 g KH2PO4in 1 L distilled water, and
the solution was autoclaved at 121 °C for 15 mins.
1000X trace elements solution

1000X trace elements solution (Szewczyk et al., 2006) was prepared by
dissolving the components: 2.2 g ZnSOs4 -7H20, 1.1 g HsBOs, 0.5 g
MnClz -4H20, 0.5 g FeSO4 -7H20, 0.17 g CoClz - 6H20, 0.16 g CuSO4 -5H20,
0.15 g Na2MoOs4 - 2H20, 5.0 g EDTA- Na2 in 80 mL distilled water. The solution
was boiled in order to dissolve the compounds, and then cooled the solution to
approximal 60 °C and adjusted to pH 6.5 with NaOH. The solution was cooled
to room temperature and made up to 100 mL with distilled water.
MN+URI broth

MN+URI broth was prepared by dissolving the following components: 40
mL 25X MN salts solution, 1 mL 1000X trace elements solution, 12.5 g D-
glucose, 1.25 g casamino acids, 1 g uridine (Acros, USA) in 1 L distilled water.
The broth was adjusted to pH 6.5 and autoclaved at 117 °C for 30 mins. 20 mL
50X MgSOs4 stock solution was added aseptically when the broth was used.

Malt Extract Broth (MEB)
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MEB was prepared by dissolving the following components: 20 g malt
extract, 1 g peptone, 20 g D-glucose in 1 L distilled water. The medium was

autoclaved at 117 C for 30 mins.

Czapek Dox Broth

Czapek Dox Broth was prepared by dissolving the following components:
30 g sucrose (Fisher, UK), 3 g NaNOs, 0.5 g KCI, 0.5 MgSO47H20, 1 g KH2PO4,
0.01 FeSOs4 (Acros, USA) in 1 L distilled water. The broth was autoclaved at
121 C for 15 mins.

Uridine/Uracil Stock

Uridine/Uracil stock was prepared by dissolving the following components:
5.6 g uridine and 6.1 g uracil in 100 mL distilled water. The solution was
autoclaved at 121 °C for 15 mins.
Pyridoxine Stock

Pyridoxine stock was prepared by dissolving 0.1 g pyridoxine HCL in 100
mL distilled water and filter-sterilized by passing through a 0.22 ym syringe
membrane filter (Sartotius, Germany).
Oatmeal Agar

Oatmeal agar was prepared by dissolving 40 g oatmeal (Odlums Irish
pinhead, Irish) in 1 L tap water (O’Gorman et al., 2009). The mixture was heated
to boiling point and then simmered at a lower heat for 45 mins. The liquid was
filtered through cheese cloth to remove solid residues and autoclaved at 117 °C

for 30 mins.

2.1.2 Solutions and buffers

0.01% Tween 80

0.01% Tween was prepared by dissolving 1 mL of Tween 80 in 1 L of
distilled water. The solution was aliquoted into 10 ml glass universals and
autoclaved at 121 °C for 15 min.
0.5 M Ethylene di-anmine tetra-acetic acid (EDTA) stock

0.5 M EDTA was prepared by dissolving 181.1 g EDTAin 1 L distilled water
and adjusted to pH 8.0. The solution was autoclacved at 121 °C for 15 min.
50X TAE (Tris Acetate EDTA) buffer
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The 50X TAE buffer was prepared by dissolving 242 g of Tris and 57.1 mL
of glacial acetic acid in 100 mL of 0.5 M EDTA stock solution, the buffer was
diluted by 900 mL distilled water.

70 % EtOH

70 mL of ethanol was added to 30 mL of distilled water.
TE buffer

The TE buffer was prepared by dissolving 6.05 g Tris and 0.2 mL 0.5 M
EDTA in 100 mL distilled water.

Mycelia wash buffer

Mycelia wash buffer was prepared by dissolving 148 g MgSO4 -7H20 in 1
L distilled water and autoclaved at 121 °C for 15 mins.

NM buffer

NM buffer was prepared by dissolving 58.5 g NaCl and 4 ¢
morpholineethanesulfonic acid (MES) in 1 L distilled water. The solution was
adjusted to pH 5.8 and autoclaved at 121 °C for 15 mins.

Protoplast wash buffer

The wash buffer was prepared by dissolving 44.7 g KCland 6 g Trisin 1L
distilled water. The buffer was adjusted to pH7.0 and autoclaved at 121 °C for
15 mins.

STC buffer

STC buffer was prepared by dissolving 21.87 g sorbitol, 0.12 g Tris, and
0.74 g CaCl2-H20 in 100 mL distilled water. The solution was adjusted pH to
7.5 with HCI and autoclaved at 117 °C for 30 mins.

60 % PEG 3350 solution

60 % PEG 3350 solution was prepared by dissolving 60 g PEG 3350
(Fisher, UK), 0.12 g Tris base, and 0.74 g CaClz-H20 in 100 mL distilled water.
The solution was adjusted to pH 7.5 with HCI and autoclaved at 121 °C for 15
mins. The PEG solution was filtered through a 0.22 ym syringe membrane filter
to remove any precipitate directly before use.

Potassium Phosphate Monobasic solution (PPM)

PPM was prepared by dissolving 0.34 g KH2PO4in 100 mL distilled water

and autoclaved at 117 °C for 30 mins.

Potassium Phosphate Dibasic solution (PPD)
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PPD was prepared by dissolving 0.435 g K2HPO4 in 100 mL distilled water
before being autoclaved at 117 °C for 30 mins.
Colony PCR Solution

The solution was prepared by dissolving 58 mg NaCL, 121 mg Tris-
HCI ,and 292 mg EDTA in 100 mL distilled water. The solution was adjusted to
pH7.5.
1 M NaOH

The 1 M NaOH solution was prepared by dissolving 4 g NaOH in 100 mL

distilled water.

2.2 Methods

2.2.1 Fungal Strains

Fungal strains were routinely cultured on ACM (Section 2.1.1), with slopes
supplemented with additional nutrients if required for auxotrophs. These ACM
slopes were prepared by pouring around 10-15 mL of agar medium into sterile
universal 30 ml tubes set at an angle. The inoculated strains were incubated at
28 °C in the light, or 37 °C for 3-5 days before short-term storage for up to 3
months at4 °C in a fridge. For longer-term storage, conidia were harvested and
suspended in 1.5 mL of a sterile 10 % glycerol solution in sterile cryovials. The
cryovials were stored either under liquid nitrogen in a cryovessel or in a minus
80 °C freezer.

Aspergillus nidulans

The parental A. nidulans strain used for most studies was strain 2-258
which has the genotype pyrG89-, pyroA4-, nkuA::argB, veA+, therefore
requiring supplements to a final concentration of 1.12g/L uridine, 1.22g/L uracil
and 50 pg/L pyridoxine. This strain was a gift from O Bayram (Dublin, Ireland)
and chosen for use as it is a fertile laboratory strain with useful selective
markers, as well as having the veA+ genotype (unusually for laboratory strains).

Transformants generated during studies are listed in Appendix 7.
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Aspergillus fumigatus

The parental A. fumigatus strains were wild type 47-51 (MAT1-1) and 47-
55 (MAT1-2) which previous studies had established as being highly fertile
(O’Gorman et al., 2009; Swilaiman et al., 2020).

2.2.2 Spore suspensions

Spore suspensions were prepared by agitating conidiating slopes with 0.01%
Tween 80 (Section 2.1.2) using a sterile 1000 L tip. The spore concentration
was quantified using an improved Neubauer haemocytometer. The spore
suspension was diluted to a final desired concentration with 0.01% Tween 80.
To calculate the spore concentration in spores/mL, the average number of
spores per square of the improved Neubauer haemocytometer was multiplied
by either 4 x108 when the spores were counted in medium squares, or 2.5 x 10°
when they were counted in small squares. The spore suspension was then

diluted to a final desired concentration with 0.01% Tween 80.

2.2.3 DNA extraction

Aspergillus strains were grown in 50 mL ACM broth (Section 2.1.1) (with
pyridoxine and/or uridine and uracil as necessary) for 24 hour at 28 °C by
shaking in sterile 250 mL flasks at 150 rpm. Resulting cultures were filtered
through sterile Miracloth and excess liquid squeezed out with gloved hands,
and then cultures blotted between paper towels to remove residual liquid. The
material was then ground under liquid nitrogen using a pestle and motor. The
Wizard@ Genomic DNA Purification Kit was used for genomic DNA extraction
according to manufacturer’s instruction as follows. Approximately 10-20 mg of
ground powder was added into a 2 mL Eppendorf tube and mixed with 450 pL
Nuclei Lysis Solution. The mixture was vortexed and incubated at 65 °C for 30

mins. Then, the mixture was cooled down to room temperature and 225 L of
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protein precipitation solution added. The resultant mixture was vortexed, and
then centrifuged at 13,000-16,000 g for 3 mins. The supernatant of approx. 600
ML was transferred into a clean 1.5 mL Eppendorf tube, and then 600 uL
isopropanol was added. The tube was mixed by repeated gentle inversion, and
then centrifuged at 13,000-16,000 g for 1 min. The supernatant was discarded,
and 600 pL of 70% ethanol was added. After inverting, the tube was centrifuged
at 13,000-16,000 g for 1 min. The supernatant was removed, and the pellet was
washed with 70 % ethanol and centrifuged one more time. After removing the
supernatant again, the pellet was dried for 15 mins to remove residual ethanol.
100 pL of DNA rehydration solution was next added. Finally, to fully dissolve the
DNA pellet, the mixture was incubated at 68 °C for 1 hour, or left at 4 °C fridge
overnight. The DNA concentration was measured by a Nanodrop ND-1000
spectrophotometer (Labtech International). For short term storage, DNA
samples were kept at 4 °C in a fridge, and for long term storage, DNA samples

were kept at -20 °C in a freezer.

2.2.4 Primer design

Primers were designed using the primer 3 design function of MacVector

version 14.0.4 for Macintosh.

2.2.5 Agarose gel analysis

1.2% (w/v) agarose gels were routinely used for experimental studies to
resolve DNA fragments. Gels were prepared by dissolving agarose in TAE
buffer, and ethidium bromide (EB) was added to a final concentration of 0.2
pug/mL for visualizing DNA. The DNA was mixed with a DNA loading dye and
loaded into the wells and electrophoresis run at 100-130V to separate products.
A Bio-Rad chemidoc XRS+ was used to capture gel images by using Quantity

One 4.6.6 software.
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2.2.6 Deletion cassettes synthesis

Deletion cassettes for gene knock outs were obtained where possible from

the Fungal Genetics Stock Center in the USA (http://www.fgsc.net/). Primers

sets used for amplification of gene deletion fragments are listed in Appendix 8.
Knock-out cassettes, which were not available from the FGSC, were instead
made using fusion PCR (Szewczyk et al., 2006). According to the protocol, the
target gene was replaced by a selectable maker flanked by upstream and
downstream fragments to facilitate homologous integration (Figure 2-1;
Primers used are listed in Appendix 8). The first step was to amplify upstream
and downstream fragments (of the target gene) of about 1,200 bp in size. The
cycling condition and program were listed in Appendix 1 and Appendix 2. The
primer designed for this purpose were termed P1 and P2 for the upstream
fragment and P3 and P4 for the downstream fragment. The 5’ end of primer P2
was designed to contain a segment that is identical to the antisense of the 3’
end of the selectable marker, and the 5" end of P4 was designed to contain a
segment that is identical to the antisense of the 5’ end of the selectable marker.
The next step was to amplify the selectable marker (see Appendix 3 and 4 for
PCR conditions) The PCR products from these steps were purified using
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel, Germany) (according
to manufacturer’s instructions) prior to the third fusion PCR amplification. In the
last step, nested primers P5 and P6 were designed inward of the upstream and
downstream fragments, respectively (Appendix 5 to 6). The optimal annealing
temperature of all primers used in the fusion PCR was around 63 C. To amplify
the up and down stream fragments, and the selectable marker, a standard PCR
cycle was applied using the proof-reading high fidelity enzyme Phusion
polymerase (NEB, UK). Genomic DNA from A.nidulans 2-258 was used as

template for amplification of upstream and downstream fragments.
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Figure 2-1 Diagramatic illustration of design of gene knock out and
replacement process. The putative target gene is replaced by selectable
marker AfpyrG, Homologous recombination during transformation leads to
replacement of the target gene with AfpyrG.

2.2.7 Plasmid construction

Due to the large size of the complementation cassettes, it was decided to
amplify constructs via a plasmid rather than direct PCR. pUC19 was used as
the backbone for plasmid construction for the complementation cassettes (Geib
and Brock., 2017) (Figure 2-2). The approx. 1 kb of upstream together with the
ORF region of the target gene and the approx. 1 kb of downstream were
amplified by routine PCR procedures (primers used are listed in Appendix 10).
The plasmid was then digested via use of an appropriate restriction enzyme to
allow insertion of the PCR product. To anneal each fragment in a certain
direction, the NEBuilder® HiFi DNA Assembly Master Mix (New England
Biolabs) was used. The amount of each fragment was 0.1 pmol, and the amount
was converted into volume by NEBio Calculator

(https://nebiocalculator.neb.com/#!/ligation). 10 uL of the HiFi Assembly Master

Mix was added into a 200 uL PCR reaction tube, together with appropriate

aliquots of the DNA fragments. The final reaction was made up to 20 pL with

dH20. The mixed sample was incubated at 50 °C for 1 hour in the thermocycler.
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After incubation, samples were kept on ice for transformation of E. coli via
electroporation, or stored at -20 °C.

In the plasmid transformation, 2 pL of HiFi Assembly products was diluted
into 6 yL of dH20, and in the transformation 2 uL of the diluted aliquot was
mixed with 50 uL of an electrocompetent E.coli suspension. For best results,
the tube was kept on ice. Next, 50 pL of the cell-DNA mixture was transferred
into a pre-chilled electroporation cuvette, and the electroporator was set at
1,700 V (offering 17 kV/cm field strengthO. The sample was electropulsed once
and 950 pL of pre-warmed (37 °C) SOC medium was immediately added, and
then the sample was transferred into a new 1.5 mL Eppendorf tube and
incubated at 37 °C for 1 hour with shaking at 250 r.p.m. Afterward, 100 pL of
the transformant mixture was plated on LB agar containing 10 pg/mL ampicillin.
After 24-48 hours of incubation at 37 °C, regenerated E. coli colonies were
selected and screened by restriction enzyme digestion. The correct plasmids
were extracted from the colonies by the NucleoSpin Plasmid Purification Kit
(Macherey-Nagel, Germany) according to manufacturer’s instructions and

stored at -20 °C.

AN3147 up Gol_fwd 7418 ..20
IBDhI 7438

1...1945 AN3147 up Gol

pUC19 4753. . . 7442

1970. .. 1926 AN3147 up Gol_re

AN3147 dn_rev 4777...4733
Sphl 4752

AN2147 dn 378B5. .. 52|
AN3147 dn_fwd 3760... 3803

1946. .. 3784 pyro

Figure 2-2 The construction of pUC19-AN3147-pyroA plasmid as a
representative of plasmid construction. pUC19 backbone shown in blue;
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pyroA in vyellow [Primers used were pyroA fwd-C (TGAATTCGAG
CTCGGTACCCGGGTGCACCTGATAGGGACATC) and pyroA-rec-C (GTC
GACTCTAGAGGATCCCCGGGCACTGGACGTTGACATGAC)]; AN3147.2
upstream and downstream flanking sequences in red and green, respectively
(Primers for AN3147.2 upstream flanking sequence were AN3147 up Gol-fwd
(CCTCTAGAGTCGACCTGCAGGC ATGCTCCTCATATTCGTGGGTCAAAAC)
and AN3147 up Gol-rev (TCTGATGTCCCTATCAGGTGCACCCGACTGCAG
ATGTGGCAAAAG); primers for AN3147.2 downstream flanking sequecne
were AN3147 dn-fwd (TTGGTCATGTCAACGTCCAGTGCCCTCCAACTCA
ACCAAACAGC) and AN3147 dn-rev (ACCATGATTACGCCAAGCTTGCATG
CCCACCCTGATTATGCGAG).

2.2.8 Protoplasting and transformation of A. nidulans

Gene deletion and the complementation of target genes were achieved via
PEG-mediated protoplast transformation (Szewczyk et al., 2006). The
incorporation of identical upstream and downstream regions in the transforming
DNA together with use of nkuA deletion strains (Ferreira et al., 2006) was
designed to promote homologous recombination and allow knock-out of the
target genes or recomplementations. In this section, the protoplasting and
transformation method applied specifically to A. nidulans strains will be
described, whilst the particular method of for A. fumigatus protoplasting and
transformation will be described in Chapter 4.

The A. nidulans strain 2-258 was incubated at 28 °C on ACM plates
(containing uridine/uracil and pyridoxine supplements) for 5 days, and fresh
conidial spores were harvested by suspending in 10 mL 0.1% Tween-80
(Section 2.1.2). The spore suspension was inoculated in 50 mL MN-URI broth
(Section 2.1.1) and incubated for 18 hours. The resulting mycelia were
harvested by filtering through a layer of sterile Miracloth in a sterile funnel, and
then the mycelia were rinsed with the mycelia wash buffer (Section 2.1.2). To
digest the cell wall, the lysis buffer was prepared on the day of use by the
following method: 2.6 g KCI was dissolved into 40 mL PPM (Section 2.1.2),

and the solution was adjusted to pH 5.8 using PPD (Section 2.1.2) and made
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up to 50 mL with distilled water. The lysis buffer was sterilized by passing
through 0.22 um syringe membrane filter. For the cell wall digestion step, 1 g of
mycelia were transferred into a sterile 50 mL falcon tube by a sterile spoon and
was suspended into 10 mL sterile lysis buffer. For 1 g mycelia protoplasting
reaction, 9.5 mL lysis buffer was accurately measured, and then 0.5 mL
Protoplast F mixture (Megazyme, UK) was added into the lysis buffer and
sterilized by passing through 0.22 pym syringe membrane filter. Next, 10 mL
sterile Protoplast F solution was added into the mycelia suspension, and then
20 mL of the digestion mixture was transferred into a sterile 125 mL flask and
inoculated at 28 °C with shaking at 50 r.p.m. The development of protoplasts
was checked at regular intervals by microscope from 1 hour onwards by
pipetting 20 uL the mixture onto a microscope slide, looking for evidence of
formation of characteristic white spherical structures of 3-5 um diameter under
X40 magnification. Protoplasting was continued for a maximum incubation time
of 2 hours to ensure yield of best quality protoplasts. Protoplasts were
harvested by slowly pouring the digestion mixture through a double layer of
sterile Miracloth in a sterile funnel, and a clean sterile 50 mL falcon tube was
used to collect the protoplast suspension. In the next step, a falcon tube with
approx. 20 mL of protoplast suspension was filled up to 50 mL with cold NM
buffer (Section 2.1.2). The tube was centrifuged at 1,408 g at 4 °C for 10 mins,
thus the protoplasts were pelleted at the bottom. The supernatant was poured
off to remove Protoplast F, and then the pellet was resuspended in 1 mL cold
STC buffer (Section 2.1.2) for counting the number of protoplasts via the
haemocytometer method. To remove residual Protoplast F, the falcon tube was
filled up to 30 mL with cold NM buffer and centrifuged at 1,408 g at 4 °C for 10
mins again. After pouring off the supernatant, the pellet was resuspended with

STC buffer and adjusted to the concentration of 5 x 107-1 x 108 protoplasts/ mL.
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For transformation, 3-10 ug of an appropriate DNA fragment was mixed
with 100 pL of protoplasts suspension in a 15 mL sterile centrifuge tube, and
the mixture was incubated for 25 mins at room temperature. In the next step,
200 pL of 60 % PEG3350 solution (Section 2.1.1) was added gently drop by
drop with a tip cut 1 mL pipette, and then finally 800 puL of 60 % PEG3350
solution was added gently to facilitate the transportation of DNA fragments. The
tube contents were mixed gently during the process too. The mixture was then
incubated for 20 mins at room temperature. To stop the transformation, the tube
was filled to 15 mL with NM buffer and inverted gentle to mix PEG4000 and NM
buffer, and the tube was centrifuged at 1,408 g at 4 °C for 10 mins to remove
PEG3350. Afterward, the supernatant was discarded, and the pellet was
resuspended with the 200 pL STC buffer. To regenerate isolates from
protoplasts, 150 pL aliquots were then plated onto the selection medium SMA
with pyridoxine supplement or control media (Section 2.1.1) and incubated at
28 °C for 3-5 days. For the transformation control groups, sterile DNA
rehydration buffer (lacking DNA) was added to protoplast suspension, and SMA
control plates with uridine/uracil and pyridoxin supplements were used as a
positive control group, while the SMA (with pyridoxine supplement) selection

plates were marked as the negative control group.

2.2.9 Confirmation of transformant isolates

PCR screening was used to verify the correct knock-out of target genes or
recomplementation of genes. The knock-out of the target gene was confirmed
by amplification of around 500 bp of the ORF region following a positional PCR
screening process illustrated in Figure 2-3 (Primer used were listed in
Appendix 9). Compared to the positive control (the wild-type strain), a gene
deletion transformant should not generate a product from PCR. Colony PCR
was applied as a first screen of regenerated Aspergillus isolates on selective
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media. The mycelia of the candidate gene deletants were picked by sterile
toothpicks from the transformation plates, and the mycelia were transferred into
200 pL tubes containing 2 uL of 1 M NaOH and 98 pL of Colony PCR solution
(Section 2.1.2). The mycelial suspension was boiled at 100 °C for 10 mins (on
a thermocycler), and 2 uL of the boiled solution was used in a 20 yL PCR
reaction using a Phire polymerase kit according to manufacturer’s instructions.
In the PCR reaction, the initial denaturation was 98 °C for 30 secs; 30 cycles of
98 °C for 5 secs, 63 °C (using appropriate annealing temperature for respective
primers) for 5 secs, 72 °C for 10 secs; 72 °C 1 min for final extension with
products than maintained at 4 °C before further analysis by gel electrophoresis.

Transformants giving negative results with the target gene PCR were sub-
cultured onto ACM slopes for 5 days, and the spores were collected and
incubated at 28 °C or 37 °C for 24 hours and then mycelia were collected for
DNA extraction via a Promega Wizard DNA extraction kit (according to
manufacturer’s instructions). The extracted genomic DNA was used to verify
the correct integration of the selectable marker (Primers used were listed in
Appendix 9). A forward primer was designed to bind to the upstream flank
region positioned outside of the deletion cassette, and a reverse primer was
designed to bind within the region of the transforming DNA (e.g. the pyrG
region). Similarly, for the downstream region of the target gene, a forward
primer was designed to bind to within the region of the transforming DNA (e.g.
the pyrG region), and the reverse primer was designed to bind at the
downstream flank region positioned outside of the deletion cassette (Figure 2-
3). PCR was achieved using Phusion Polymerase, the initial denaturation was
98 °C for 2 mins; then 30 cycles of 98 °C for 30 secs, 65 °C (or an appropriate
annealing temperature determined by respective primers) for 30 secs, 72 °C for
30 secs; 72 °C 10 min for final extension. The products were then maintained

at 4 °C before further analysis by gel electrophoresis. The Isolates giving PCR
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amplicons of the predicted size were regarded to be the correct transformant

strains (subject to further conformation if necessary by Southern blotting; see

later).
P v fw
ARG GRS s kg
Pvrev
Pupvfw P marker v fw
—
— - Selectablemarker

4

—
P marker v rev Pdnvrev

Figure 2-3 lllustration of positional PCR screening process used to verify
the replacement of a target gene region. Primer pair P v fw and P v rev was
used to confirm the deletion of the target gene (for which a PCR product of
approx. 500 bp should be evident in the wild-type control but not in correct
transformants). Primer pair P up v fw and P marker v rev (or the pair P marker
v fw and P dn v rev) was used to confirm the integration of selectable marker
(for which a PCR product of approx.. size 1 kb should be evident in a correct
transformant but not in the wild-type control) — note that the flanking primers
are positioned outside of the KO cassette.
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Chapter 3 Identification of Environmental Conditions and

Genes Involved with Fruit Body Development in A. nidulans

3.1 Introduction

As previously explained (Section 1.2.1), Aspergillus nidulans has long
been used as a model to study sexual development in Aspergillus species.
Under suitable environmental conditions A. nidulans hyphae differentiate into
ascogonial coils that develop into cleistothecia. When mature, the intercellular
space of the cleistothecium is filled with thousands of asci which contain 8
haploid binucleate ascospores in each ascus (Lee et al., 2010; Bennett et al.,

2016).
3.1.1 Sexual development in A. nidulans — environmental factors

There are many environmental factors, including temperature, pH, and
nutrient availability, which can have an effect on sexual and asexual sporulation
in fungi (Moore-Landecher, 1996; Dyer et al., 1992). Generally, temperatures
from 20 °C to 24 °C are optimal for sexual development of most fungal species,
but a minority of fungi can reproduce sexually at temperatures below 10 °C or
over 30 °C (Moore-Landecker, 1992). However, the specific conditions for
sexual development vary considerably between species, most likely related to
the specific ecology of the species involved (Dyer and O'Gorman, 2012). In the
case of the model fungus A. nidulans, the standard method to induce the sexual
cycle involves incubation at 37 °C as first recommended by Pontecorvo (1953).
However, trial experiments have suggested that increased numbers of
cleistothecia are formed at lower incubation temperatures (Dyer, 2007). In

parallel, sexual development in A. fumigatus has also been found to be

45



temperature dependent with ascocarps only being observed at 30 °C among

various incubation temperatures assayed (O'Gorman et al., 2009). To facilitate
further studies of sexual development in A. nidulans it would be helpful to know

the optimum temperature for such experimental work.

3.1.2 Sexual development in A. nidulans — genetic factors

Sexual developmentin A. nidulans has been studied for over half a century
and this fungus has been put forward as a model to understand the molecular-
genetic control of aspects of the sexual cycle in ascomycete fungi in general.
Sexual development is known to be controlled by a network of at least 70 genes
encoding various proteins including signal receptors such as pheromone
receptors, signal transductors such as MAPK cascades, and effectors such as
transcription factors (Sections 1.3.2 to 1.3.3; Dyer and O’Gorman., 2012).
Many of these genes have been fully characterized and the impact of gene
deletion, and in some instances gene overexpression, has been studied in A.
nidulans and other ascomycete fungi, building on discoveries from A. nidulans.
However, other ascomycete species, notably Neurospora crassa (Dettmann et
al., 2013; lyer et al., 2009; Kim et al., 2012), Sodaria macrospora (Teichert et
al., 2020), Podospora anserina (Saupe et al., 2000; Grogent et al., 2014; Jamet-
Vierny et al., 2007), and more recently Fusarium graminearum (Kim et al., 2013;
Kim et al., 2015; Zhao et al., 2022), have also been used as models to study
sexual development in the Ascomcycota. Indeed, certain genes have been
identified from these latter species as being critically required for sexual
development (e.g. STRIPAK complex, Kiick et al., 2016) although their function
has not yet been evaluated in A. nidulans. Thus, it can be argued that the A.
nidulans model for sexual development [e.g. as proposed by Dyer and

O’Gorman (2012); Figure 1-4] might be missing certain key genes.
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3.1.2.1 MAPK signalling genes

In the case of the MAPK signaling pathway required for sexual
development, this pathway not only requires kinases, but also other associating
proteins for correct functioning and to allow association with the correct location
in cells. Previous work with A. nidulans has established the presence of a
AnStel1-Ste50-Ste7-MpkB MAPK cascade, with Stell, Ste7 and MpkB
identified as kinases, while Ste50 acts as an the adaptor (Section 1.3.2.3;
Bayram et al., 2011). Deletion of Ste50 resulted in no interaction between Stel1l
and Ste7 and weakened interaction of Ste7-MpkB, with Ste50 responsible for
location of the module at the plasma membrane (Bayram et al., 2011). The
homologous cascade in N. crassa has been termed the ‘MAK-2 cascade’, and
includes NRC1-MEK2-MAK?2 and a Ste50 adaptor (Pandey et al., 2004; Maerz
et al., 2008). In addition, a novel protein HAM-5 has been identified in N. crassa
which is believed to act as a scaffolding protein, with HAM-5 binding with MAK-
2 to trigger hyphal fusion via the MAK-2 cascade signaling pathway (Dettmann
et al., 2014;Jonker et al., 2014). In P. anserina, a similar MAPK1 cascade is
required for normal growth and perithecial development, and features a
scaffolding protein IDC1 (a homolog of HAM-5) as an essential element for

normal fruiting development (Jamet-Vierny et al., 2007).

3.1.2.2 STRIPAK unit genes

Meanwhile, studies using S. macrospora have identified the so-called
‘STRIPAK’ (striatin-interacting phosphatase and kinase) protein complex as
having key roles in cellular signal transduction processes in fungi, including
those relating to sexual development. The STRIPAK complex is composed of
at least seven subunits including a serine/threonine phosphatase catalytic unit

PP2Ac, a phosphatase regulatory unit PP2A, and then proteins striatin,
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MOB3/phocein, STRIP, SLAMP, and CCM3 (Section 1.2.3.4). The complex
phosphorylates or de- phosphorylates proteins in the MAPK signal pathway,
and thereby regulates various aspects of the morphological development of
fungi, for example fruit body development and hyphal cell fusion (Shi et al.,
2016; Kuck and Stein, 2021). The STRIPAK complex was first studied in fungi
in S. macrospora. The core subunit PRO45 (SLAMP), which is the membrane
anchoring unit, was found to bind with two other STRIPAK subunits PRO11
(Striatin) and SmMOB3, which are a phosphatase regulatory subunit and
kinase activator, respectively (Kick et al., 2016). PRO45 was found to be
essential for cell-to-cell fusion and sexual propagation in S. macrospora with
pro45 deletion strains unable to undergo hyphal fusion and were sterile
(Nordzieke et al., 2015). A homolog of PRO45 termed ‘HAM-4’ was detected in
N. crassa which was also found to effect morphological development such as
protoperithecium formation with deletion of ham-4 delaying the
protoperithecium formation and leading to aberrant meiosis and abnormally
shaped ascospores (Simonin et al., 2010). Finally, the STRIPAK subunit
PRO22 was also found to be essential for sexual developmentin S. macrospora
with gene mutation resulting in defective protoperithecia maturation apparently
due to lack of septa inside the coiled ascogonium (Bloemendal et al., 2010). A
homolog of PRO22 ‘HAM-2’ has also been described from N. crassa and shown
to be required for fruit body formation, with gene deletion preventing hyphal
fusion and blocking development at the protoperithecia stage (Xiang et al.,
2002). By contrast, the only STRIPAK subunit known in A. nidulans at the onset
of the present study was StrA, the striatin component identified by Wang et al.
(2010). Deletion of strA was found to have a striking impact on sexual
development, with the formation of abnormally small cleistothecia and defects
in ascosporogenesis. In addition, gene deletion caused defects in development

of asexual conidia and resulted in decreased mycelium radial growth (Wang et
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al., 2010). However, the role of other STRIPAK elements in A. nidulans

remained to be elucidated.

3.1.2.3 Transcription factor genes

As previously described (Section 1.3.4) a series of transcription factors
have been identified from A. nidulans, which have a vital role in cellular
signalling and switching on the expression of target genes. These may be
classified by their DNA-binding domains and for example include mating-type
domain, zinc finger domain, homeobox domain, basic helix-loop-helix domain,
and Myb-like proteins (Shelest, 2008). Although many transcription factors
have been characterized in A. nidulans, additional transcription factors with
possible roles in sexual development have been described from other
ascomycetes which have not yet been studied in A. nidulans. For example, a
bHLH transcription factor scIlR has been described from A. oryzae, which is
regarded as an activator of sclerotia formation, and a repressor of conidial
sporulation (Jin et al., 2011). In addition, a C2H2 type transcription factor
termed Trire2: 59270 has been reported to influence fruit body formation in T.
reesei (Linke et al., 2015) but any homolog in A. nidulans has yet to be studied).

Homeodomain transcription factors are defined by the presence of a helix-
loop-helix-turn-helix structure that consists of about 60 amino acid residues for
DNA binding (Biirglin and Affolter, 2016; Holland 2013). Homeobox genes are
found throughout the Eukaryota and show high divergence, for example over
200 genes being found in animals and around 100 in plants, but have been
much less studied in fungi (Holland, 2013). One fungal example is the
homeobox transcription factor hbx1, which has been reported to be essential
for both asexual and sexual development in A. flavus (Cary et al., 2017).

However, the role of any homolog in A. nidulans has yet to be studied.
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The Myb class of transcription factors are defined by the presence of
conserved repeating tryptophan residues at the N-terminal region which form
a helix-turn-helix structure enabling DNA-binding, and also the presence of
repeated has cysteine residues associated with sensing of redox conditions
(Pinson et al., 2001). One such Myb transcriptional factor, FIbD has already
been described from A. nidulans. FIbD contains an Myb domain residue at
C46, which act as a redox sensor and plays critical roles in both asexual and
sexual development, given that the deletion of flbD led to defects in conidiation
and fruit body formation in A. nidulans (Arratia-Quijada et al., 2012). An
additional novel transcription factor MybA (AFUA 3g07070) has been
described from A. fumigatus, which was reported to regulate conidial formation
and maturation via control of the expression of velB, vosA, and wetA, with the
deletion of mybA leading to reduction in numbers of conidia and altered
conidial survival in water, apparently caused by changes in hydrophobicity of
cell wall glycoproteins (Valsecchi et al., 2017). However, this study showed
the importance of MybA only in asexual development and any role in sexual
reproduction was not investigated. The homeodomain transcription factors
contain the helix-loop-helix-turn-helix structure that consists about 60 amino

acid residues for DNA binding (Burglin and Affolter, 2016; Holland 2013).

3.1.2.4 Other possible genes impacting on sexual development

Other sets of genes have also been shown to impact on sexual
development in other ascomycete species but have yet to be studied in A.
nidulans. These include the so-called vegetative incompatibility, heterokaryon
incompatibility (HI), genes that mediate self/ non-self recognition of fungal
strainsduring vegetative growth. The benefits of vegetative incompatibility may
be to prevent the spread of infectious elements, to limit non-adaptive nuclei
exploitation and to limit resource plundering during sexual reproduction
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(Metzenberg and Glass, 1990; Glass and Kuldau, 1992; Glass et al., 2000;
Roche., et al, 2014; Wang et al., 2014). As well as this main role, it has been
reported that nonallelic combinations between strains may affect sexual fertility
(Glass and Kuldau, 1992; Glass et al., 2000). For example, in P. anserina, the
het-C locus encodes a glycolipid transfer involved in allorecognition (Bastiaans
et al., 2014). One of the allelic genes, het-C2 has been shown to impact on the
production of ascospores (Saupe et al., 1994; Bastiaans et al., 2014).

In S. macrospora, an ER membrane protein PRO41 has been shown to
have a role in fungal sexual differentiation, thought to be, due to modification
function of ER function (Nowrousian et al., 2007). Finally, a histone chaperone
ASF1 in S. macrospora was shown to have a role in sexual development

(Gesing et al., 2012; Schumasher et al., 2018).

3.1.3 Aims

The aims of this chapter were two-fold:

(1) To determine the optimum temperature for sexual development of A.
nidulans to facilitate further experimental studies. This was achieved by
inducing the sexual cycle under a range of temperatures between 25 °C to
37 °C, and involved study of representative isolates including wild type, veA
and ku mutant strains.

(2) In order to maintain A. nidulans as a model for understanding sexual
development in the Ascomycotina it is important that models proposed (Figure
1-4, Section 1.3) are as comprehensive as possible in their coverage of genes.
However, a series of genes shown to have roles in sexual development in
various other ascomycete species have yet to be characterized in A. nidulans,
as described above. Work therefore aimed to determine if such putative
‘universal’ pezizomycete sex genes also had a role in sexual development in A.

nidulans. This was achieved by firstly using bioinformatic analysis to identify
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putative homologous genes from A. nidulans, and then secondly use of
experimental gene manipulation techniques to investigate the function of any
candidate genes in cleistothecial and ascospore formation of A. nidulans.
Target genes comprised the putative MAPK cascade scaffold unit AN2701.2,
the potential STRIPAK unit genes AN0164.2, AN6611.2 and AN4632.2, the
putative mybA transcription factor AN4813.2, the putative homeobox
transcription factor AN1217.2, the potential transcription factors AN7170.2 and
AN7736.2, the potential het-c2 homolog AN3147.2, the putative ER membrane
protein AN10631.2, the putative histone chaperone AN4891.2., and the
putative sclR and Trire2:59270 homologs AN7170.2 and AN7736.2,

respectively.

3.2 Materials and Methods

3.2.1 Fungal strains and culture conditions

The wild type strains 2-3, 2-137, 2-139, 2-224, 2-227, 2-232, and 2-250;
the veAl mutant strains 2-149, 2-154, and the kuA deletant strain 2-258 were
used to investigate the optimal temperature for fruit body development. All
strains were obtained from the University of Nottingham BDUN collection
(Table 3-1). Strain 2-258 was used as the parental strain in subsequent GM
work as this was a sexually fertile, veA wild-type strain and which contained a
kuA deletion to allow improved gene targeting in transformation experiments
and pyrG deletion as a selectable marker (kind gift from O’Bayram, Ireland;
note that the kuA deletion had no known impact on cleistothecial formation). All
strains were cultured on Aspergillus Complete Media (ACM) with 1.12. g/L
uridine, 1.22 g/L uracil and 50 ug/L pyridoxine added as supplements as
required for auxotrophic strains and to crossing media where relevant. 15 g/L

agar was added to make solid media (Section 2.1.1).

52



Table 3-1 Sources of worldwide Aspergillus nidulans strains/isolates

Number of Source Isolation Genetic

strain/isolate Location Year Markers

2-3 Glasgow (UK) n/a Wild-type

2-137 Birmingham (UK) 1960 Wild-type

2-139 Birmingham (UK) 1960 Wild-type

2.149* Glasgow (UK) n/a pyrG89, pyroA4, nkuA ::argB, veA1
2-154* Glasgow (UK) n/a yA1, paba A1, nii A4,nkuA : :bar, veA1
2224 Gold coast 1982 Wild-type

2227 California (USA) 1984 Wild-type

2-232* Barbados 1987 Wild-type

2-250** Cardiganshire (UK) 1992 Wild-type

2-258 FGSC n/a pyrG89, pyroA4, nkuA ::argB, veA

*Laboratory strains derived from original Glasgow strain GOO.
**Gift from R. Hoekstra.

3.2.2 Optimization of temperature for sexual development in A. nidulans

Isolates were grown at 28 °C under lights for 7 days and then
conidiospores harvested with 0.01% Tween 80, before being adjusted to a
concentration of 1x107 spores/mL via counting and calculating spores by a
haemocytometer method (Section 2.2.2). 10 pyL of the resulting spore
suspension was pipetted and spread over the surface of ACM in 5 cm Petri
dish with a sterile disposable spreader giving a final inoculum of 1x10°
conidiospores per plate.

The plates were divided into four treatment groups consisting of
temperatures of 25 °C, 28 °C, 32 °C and 37 °C, and with 7 replicate plates being
set up for each isolate at every temperature. Plates were incubated at the
appropriate temperature for an 18 to 24 hours period in the dark and then

sealed using two layers of Nescofilm [increased CO: levels thought to promote

53



sexual sporulation; Dyer and O’Gorman (2012)]. Replicates were then placed
in single depth [i.e. not stacked; Ashour (2014)]and incubated for 20 days at the
respective temperatures in the dark. After incubation, the number of mature
cleistothecia (defined as diameter > 100 um) on the surface of plates was
counted in replicate viewing areas of 73.84 mm? via microscopy (GX
Microscope XTL3101LED at magnification setting 2.5). Numbers of
cleistothecia per 73.84 mm? were converted into number per 100 mm? to allow

more direct cross reference of the present study to other study data.

3.2.3 Construction of knock-out cassettes

Where possible, knock-out cassettes for A. nidulans gene deletion were
obtained from the Fungal Genetics Stock Center (FGSC), USA. The approx.
3.5 kb cassettes provided by FGSC carried a nutrient selectable marker pryG
(size ca. 1.7 kb) and flanked by approx. 1 kb of target gene specific fragments
at the upstream and downstream flanking regions to facilitate homologous
integrations. The cassettes were stored at -20 °C. The DNA fragments for
transformation were amplified via a Phusion PCR kit (NEB labs, UK). The PCR
amplification conditions were: initial denaturation 98 °C 2 min, denaturation
98 °C 30 sec, annealing 63 °C 30 sec, extension 72 °C 2 min, final extension
10 min for 35 cycles. The samples were kept at -20 °C if necessary.

If knock-out cassettes for certain genes were not available from the FGSC
then deletion cassettes were constructed following methods described by
Szewcyzk et al (2007). The selectable marker pyrG was amplified from the
FGSC ANID_AN4632.1 plasmid, and the ca.1l kb fragments of the upstream
and the downstream were amplified from the parental strain 2-258, respectively
suing primers designed for the specific gene based on A. nidulans genome

sequence data available from the the EnsemblFungi website
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(https://fungi.ensembl.org/index.html). The cassette was amplified by fusion

PCR (Szewcyzk et al., 2007; Section 2.2.6).

3.2.4 Construction of complementation plasmids

To construct complementation cassettes, the nutrient selectable marker
pyroA was incorporated into cassettes to allow transformant selection. For
complementation cassettes, the gene of interest, the pyroA marker, and the
flanking regions of the target gene were integrated into vector pUC19. The gene
of interest was amplified with a ca. 1 kb upstream flanking region by using
Phusion PCR kit (NEB labs, UK), as well as the 1 kb downstream flanking
region using primers designed for the specific gene based on A. nidulans
genome sequence data available from the EnsemblFungi website

(https://fungi.ensembl.org/index.html). Genomic DNA from A. fumigatus Af293

was used as a template, and then the selection marker pyroA with a ca.1.7 kb
was amplified. The pyroA was introduced between the target gene (100 bp
downstream from the stop condon), and the downstream flanking region. HiFi
DNA assembly master mix was used to link these DNA fragments (Section
2.2.7). Plasmid construction was verified by restriction enzyme analysis (Smal
and EcoRI; Appendix 28 to 35). The plasmids were transformed into the
competent E. coli by electroporation (Section 2.2.7). The new plasmids were
verified by PCR and restriction enzyme analysis. The pyroA fragment for
constructing target complementation cassettes was acquired by restriction

enzyme Smal digestion and gel purification.

3.2.5 Transformation and gene knock out

Methods for transformation, gene knock out and transformant screening

were followed as described in Sections 2.2.8 and 2.2.9.
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3.2.6 Sexual fertility test

Sexual cultures of A. nidulans were set up as described above (Section
3.2.2), ensuring that appropriate nutrient supplements (e.g. uridine, uracil
and/or pyridoxine) were added to the ACM plates used for production of conidial
inoculum and final ACM plates for production of cleistothecia. It is noted that
the formation of cleistothecia can be impacted by deletion of pyrG and addition
of high levels of uracil can be inhibitory to growth (Sun et al., 2013). Therefore,
all tests of sexual fertility were routinely performed on ACM supplemented to
the same level with uridine and uracil whether or not a supplement was required,
with addition of these levels having no recorded impact on sex (Sun et al., 2013).
Plates were incubated at 32 °C in the dark and in single depth for 20 days.

After incubation, the number of cleistothecia on the surface of plates was
counted in replicate viewing areas as described above (Section 3.2.2), and the
average sizes of 100 random cleistothecia were measured via microscopy (GX
Microscope XTL3101LED at magnification setting 4.0). Furthermore, to
evaluate numbers of ascospores produced, an agar plug having a top surface
area of 78.54 mm? was cut out by a sterile borer, and then the agar plug was
transferred into a 1.5mL microfuge tube containing 1mL of 0.01 % Tween 80.
In next step, the cleistothecia were removed and crushed by a sterile
disposable loop to release ascospores. The tube was vortexed and then a
haemocytometer method used to calculate the concentration of ascospore
within the suspension. Numbers of ascospores per 78.54 mm? were converted
into number per 100 mm? to facilitate comparison of data to other external

studies. The data were analysed by ANOVA via PRISM 9.0.
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3.2.7 Ascospore viability

The viability of ascospores produced by control and transformant strains
was analysed by growth testing. To obtain relatively pure ascospores, the
cleistothecia were cleaned using methods described by Todd et al. (2007). The
cleistothecium was viewed under the dissecting microscope, and then picked
up by a sterile dissecting needle and rolled along the surface of a 4 % water
ager plate to remove hyphae, Hulle cells and conidiophores. The needle was
sterilized periodically during cleaning. Around 20 to 30 cleistothecia in total
were collected. The cleaned cleistothecia were next transferred into 20 pl
sterile 0.01 % Tween 80 solution in a 1.5 mL microfuge tube. The tube was
centrifuged at 4°C and 13,000 g for 10 mins before cleistothecia in the pellet
were ruptured by a sterile disposable loop to release ascospores. 80uL of
sterile 0.01 % Tween 80 solution was then added to the tube, which was
vortexed to yield a ca. 100 uL ascospore suspension. The concentration of
ascospores in the suspension was determined via a haemocytometer method
with dilution of the suspension made as necessary to allow accurate counting.
Finally, the concentration of the suspension was diluted to 2X103°
ascospores/mL for growth testing. A volume of 100 pL of the suspension was
added to an ACM plate (with supplements as required) and spread using a
sterile spreader (this was estimated to yield a number of around 200
germinating ascospore colonies per plate after incubation). The spread plates
were incubated at 28 °C in light for 48 hours. After incubation, colonies on
plates were counted and resultant data was analysed one-way ANOVA via the

software PRISM9.0.
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3.3 Results

3.3.1 Optimum temperature for inducation of the sexual cycle in A.

nidulans.

The wild type strains (isolates 2-3, 2-137, 2-139, 2-224, 2-227, 2-232, 2-
250), the veAl mutant strains(isolates 2-149, 2-154), and the ku mutant strain
2-258 were utilized to investigate the optimal temperature for sexual
reproduction (Table 3-1). According to the data analysis, there was a significant
difference in production of cleistothecia with temperature, with all A. nidulans
strains producing highest numbers of mature cleistothecia at 32 °C rather than
25 °C, 28 °C, or 37 °C, except for isolate 2-149 (veAl) which produced more
cleistothecia at 37 °C [F (3,240)=16.05; p<0.0001; Figure 3-1]. Similarly, there
was a difference in ascospore production with temperature, with most isolates
developing highest numbers of ascospores at 32 °C, except for isolates 2-149
and 2-154 (both veAl) and 2-224 which formed highest numbers at 37 °C [F
(3,240)=3.147; p=0.0181; Figure 3-1]. Moreover, there was a significant
variation among isolates in fruit body formation [F (27,240)=2.821; p<0.0001]
and ascospore formation [F (27,240)= 5.268; p<0.0001] under the impact of

temperature.
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Figure 3-1 Effect of temperature on sexual development in A. nidulans. A
indicates the average number of cleistothecia formed under various
temperatures. B indicates the average number of ascospores formed under
various temperatures. Error bars indicate £+ SEM. Each strain contained 7
replicates. Data was analyzed via two-way ANOVA in Prism 9.0.

3.3.2 Construction of gene deletant and complementation strains

Candidate genes with involvement in sexual development were identified
in silico via BLAST searching with the TBLASTN tool at the Ensembl Fungi

website (https://fungi.ensembl.org/Multi/Tools/Blast). A series of gene knock

outs were then made in A. nidulans strain 2-258, which allowed improved gene
targeting for more effient gene transformation (Section 2.2.8). Numbers of
transformants varied considerably according to the target gene, but it was
aimed to select at least two transformants (showing correct integration of knock
out cassette) per gene to ensure reproducibility of results. Where an effect was
seen on sexual development then gene complementation strains were

constructed where appropriate as will now be described.
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3.3.2.1 MAPK cascade scaffold unit AN2701.2

A putative MAPK scaffolding protein homolog of P. anserina IDC1
(XP_011393510.1) was identified via BLAST searches (Table 3-2). The
identified A. nidulans gene AN2701.2 shared 58.2 % of identity with idc-1 and
gave an E-value of 7.4e1%5, AN2701.2 shared 62.5 % identity and an E-value
of 0.0 with ham-5 (ABJ96338.2) of N. crassa (Appendix 11). The coding region
of AN2701.2 was 4,898 bp and predicted to encode a polypeptide with 1,570
residues with a WD40 domain at the N-terminal from positions 41 to 312 aa. A
AN2701.2 knock-out cassette was constructed as described in Section 2.3.4
and the cassette amplified by fusion PCR (Section 2.2.6; Appendix 23 to 24;
Szewcyzk et al., 2007) and then used for gene knock out. Two transformants
(termed AAN2701-4 and AAN2701-6) showing correct integration of the
disruption cassette were then screened for fruit body formation (Appendix 1,

Appendix 25 to 26).
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Table 3-2 Summary of BLAST search results of putative genes related to
sexual development in A. nidulans

Query seqence homologous gene in A.nidulans Description Putative domain

Protein ID Species TBLASTN

GenelD E value Identity (%)

XP_011393510.1 (IDC1) P.anserina | AN2701.2 7.40E-165 58.2 Hypothetical protein WD domain

XP_964080.2 (HAM-4) N.crassa | AN4632.2 5.50E-56 68.3 Hypothetical protein FHA domain

XP_003352145.1

(PRO22) S.macrosporal AN6611.2 8.40E-164 72.6 Hypothetical protein STRP domain
XP_062270.2 (PP2Ac)  Ncrassa | AN0O164.2 0 866  Hypothetical protein Sine/threonine-specific
phosphatese domain
AFU_3g07070 (MybA) A. fumigatus | AN4813.2 8.50E-69 50.6 Hypothetical protein Myb-like domain
XP_001825886.1 (ScIR) A.oryzae | AN7170.2 8.80E-35 82.4 Hypothetical protein bHLH domain
XP_006964350.1 T.reesei | AN7736.2 9.30E-153 65.7 Hypothetical protein C2H2 domain
XP—O(?_'Z‘;E(;??GQ'1 A.flavus AN1217.2 3.10E-128 87.2 Hypothetical protein Homeobox domain

AAA20542.1 (HET-C)  P.anserina | AN3147.2 SA0E-71 629  Hypothetical protein ClYCOlpid transfer protein

domain
XP_003345657.1 ) _ Histone chaperone ASF-1
(ASF-1) S.macrosporal AN4891.2 6.90E-68 83.8 Hypothetical protein like domain

AAN2701-4 and AAN2701-6 both showed a dramatic increase in number
of cleistothecia formed, but with a significantly reduction in size (ca. 5-fold) as
compared to parental and protoplast control strains 2-2580 and 2-258P,
respectively (Figure 3-2A-B; Figure 3-3A). The mutant strains both produced
significantly lower numbers of ascospores, which also exhibited a dramatic
decrease in viability as compared to the controls (Figure 3-2C-D). It was noted
that the strains AAN2701-4 and AAN2701-6 both failed to form cleistothecia on
GMM, unlike the parental control, indicating some effect of medium composition
on sexual development (Figure 3-3B). Due to time limitations, it was not

possible to acquire complementation strains in the present study.
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Figure 3-2 Sexual development in AAN2701.2 and control (2-258) strains
of A. nidulans. A represents number of cleistothecia produced by strains
AAN2701-4 and AAN2701-6 when incubated on ACM at 32 °C in darkness as
compared to parental strains 2-2580 and 2-258P B represents size of
cleistothecia (diameter) as measured by microscopy (100 replicates per
measurement). C represents number of ascospores collected from agar plugs
with a defined surface area. D represents the viability of ascospores collected
from cleistothecia when defined numbers were spread out onto plates. Error
bars indicate + SEM. Dots indicate biological replicates. ** indicates significant
difference from the controls at P<0.05; **** indicates significant difference from
the controls at P<0.0001.
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Figure 3-3 Cleistothecia and ascospores formed by control 2-258 and
AAN2701.2 strains. A illustrates the fruit bodies formed when strains were
inoculated onto ACM. Compared to the control 2-258 strain, the AAN2701.2
strain formed numerous small cleistothecia. B represents the sexual
development when strains were inoculated onto GMM. Compared to 2-258
control strain, the AAN2701.2 strain failed to form cleistothecia. CL:
cleistothecia; AS: ascospores; HC: hille cells; CS: conidiospores.

3.3.2.2 STRIPAK complex subunits AN0164.2, AN6611.2 and AN4632.2

Three STRIPAK complex subunits were identified. Firstly, a putative
phosphatase gene AN0164.2 was identified based on 86.6% and 85.4%
identity to the PP2Ac subunits of N. crassa and S. macrospora, respectively
(Table 3-2; Appendix 12). The coding region of the AN0164.2 gene was 959
bp and the AN0164.2 protein (XP_657768) was predicted to be 299 aa and
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contain a serine/threonine-specific phosphatese domain at positions 30-251 aa.
Second, a putative tail-anchored membrane protein SLAMP homolog of N.
crassa HAM-4 (XP_964080.2; Simonin et al., 2010; Shi et al., 2016) was
identified. The identified A. nidulans gene AN4623.2 shared 68.3% identify with
ham-4 and returned an E-value of 5.5e°%, and had 68.3% of identity with pro45,
the SLAMP unit of S. macrospora (Table 3-2; Appendix 13). The coding region
of gene AN4632.2 was 2,291 bp and its protein AN4632.2 (XP_662236.1) was
predicted to be 746 aa and contain a forkhead-associated (FHA) domain at
position 189-247 aa, similar to that identified in N.crassa HAM-4. Third, a
putative cell morphology and cytoskeleral regulator STRIP unit homolog of S.
macrospora PRO22 (XP_003352145.1; Bloemendal et al., 2012; Shi et al.,
2016) was identified as AN6611.2, which shared 72.6% identity to pro22 with
an E-value of 8.4e1%* (Appendix 14). The AN6611.2 had 72.0% identify with
N. crassa ham-2 (Table 3-2). The coding region of gene AN6611.2 gene was
3,370bp, and was predicted to encode a protein of 1,028 aa containing two
STRP domains at position 126-451 aa towards the N-terminal and 560-986 aa
towards the C-terminal. Attempted gene knock-outs of ANO0164.2 and
AN4632.2 were then made using disruption cassettes from the FGSC, whilst
knock out of AN6611.2 used a newly constructed cassette made by fusion PCR
(Appendix 23 to 24).

Two transformants (termed AAN0164-3 and AAN0164-6) showing correct
deletion of AN0164.2 were screened for fruit body formation (Appendix 7;
Appendix 25 to 26). Cleistothecial formation was reduced significantly in both
AANO0164.2 strains as compared to the control strains (Figures 3-4A and 3-5).
The average number of cleistothecia decreased by over 50% [F (3,20)=17.36,
P<0.0001] and the size was significantly reduced by around 3.7 fold [F
(3,20)=287.2, P<0.0001], with the average size of the AN0164.2 mutant strains

being 34 um compared to the control strain with an average cleistothecia
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diameter of 126 um (Figure 3-4B). Ascospore number was also dramatically
reduced in AAN0164.2 strains [F (3,12)=8.997, P<0.0001], indeed it proved
impossible to isolate viable ascospores because most of cleistothecia appeared
immature (Figures 3-4C-D). However, the parental control phenotype was
recovered in the AN0164-6C5 complementation strain by reinserting AN0164.2
back to its original postion in the genome, with the production of mature

cleistothecia with viable ascospores (Figures 3-4A-D and 3-5
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Figure 3-4 Sexual development in AAN0164.2 and AAN4632.2 and control
(2-258) and the complementation strain of A. nidulans. A represents
number of cleistothecia produced by AAN0164.2 and AAN4632.2 strains per
unit area as determined by microscopy as compared to parental strain 2-258
and the complement strains AN0164-6C5 and AN4632-6C29, respectively. B
represents for size (diameter) of cleistothecia as measured by microscopy. C
represents number of ascospores collected from agar plugs with a defined
surface area. D represents the viability of ascospores collected from
cleistothecia with a defined numbers spread out onto plates. Dots indicate
biological replicates in each section. Error bars indicate + SEM. *** indicates
significant difference from the controls at P<0.001; **** indicates significant
difference from the controls at P<0.0001.
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Figure 3-5 Fruit body development of AANO0164.2 and control and
complementation strains. Images show a comparison between control strain
2-258, the deletion strain AAN0164.2, and the complementation strain,
AANO0164.2complementation. CL: cleistothecia; AS: ascospores; HF: hyphae.

Two transformants (termed AAN4632-3 and AAN4632-6) showing correct
deletion of AN4632.2 were screened for fruit body formation (Appendix 7,
Appendix 25 to 26). Gene knockout did not appear to greatly affect sexual
development (Figures 3-4A-D and 3-6). The average number of cleistothecia
produced by strain AN4632-3 showed an increase compared to the controls [F
(3,20)=17.36, P=0.0015], however the AN4632-6 strain did not show any such
difference [F(3,20)=17.36, P=0.2413; Figure 3-4A]. In terms of size, strain
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AN4632-3 did not show any difference in diameter to the parental strain [F
(3.20)=287.2, P=0.0583], but this time strain AN4632-6 produced larger
cleistothecia [F(3,20)=287.2, P=0.0073; Figure 3-4B]. Ascospore production
did not show any differences between the AAN4632.2 deletant and the wild-
type strains (Figure 3-4C-D). The parental control phenotype was seen in the

AN4632-6C29 complementation strain (Figures 3-4A-D and 3-6).

Figure 3-6. Fruit body development of control and AAN4632.2 strain of A.
nidulans. Images show a comparison between control strain 2-258, the
deletion  strain  AAN4632.2, and the complementation strain,
AAN4632.2complementation. CL: cleistothecia; CL: cleistothecia; AS:
ascospores.
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Despite several repeated attempts it was only possible to obtain one
deletion strain of AN6611.2, and this showed severe defects in vegetative

growth (Figure 3-7; Appendix 25), precluding further study.

Figure 3-7. Phenotype of the AAN6611.2 strain of A. nidulans following
growth for 14 days at 28 °C. Black pigmented hyphae slowly aggregated
during growth and formed a hard compact structure, instead of normal white
radial hyphal growth.

3.3.2.3 mybA transcription factor AN4813.2

The MybA (XP_754889.2; Valsecchi et al., 2017) protein sequence from A
fumigatus was used to identify a putative homolog AN4813.2 from A. nidulans,
which showed an E-value of 8.5e®° and identity of 52.3 % to MybA in A.
fumigatus (Table 3-2; Appendix 15). The gene AN4813.2 is 3,088 bp in length
containing four introns and is predicted to encode an 876 amino acid protein
(XP_662417.1) with an Myb-like domain located between positions 770 to 827
in the C-terminal portion, similar to the structure of MybA in A. fumigatus
(Valsecchietal., 2017). A disruption cassette from the FGSC was used for gene

deletion (Appendix 22).
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Two transformants (termed AAN4813-2 and AAN4813-14) showing correct
deletion of AN4813.2 were screened for fruit body formation (Appendix 7,
Appendix 25 to 26). Gene deletion was found to block conidiophore formation
and lead to accumulation of an orange pigment in the growth media similar to
the mutation of mybA in A. fumigatus (Figure 3-8; Valsecchi et al, 2017). Given
the failure to produce conidia, an alternative method had to be devised to
inoculate plates for sexual development. This involved culturing both gene
deletant and parental strains on ACM (supplemented with uridine/uracil and
pyridoxine supplements) for 2 days and then scraping the mycelia off from the
surface to make a hyphal suspension, to which sterile glass beads were added.
The mixture was vortexed firmly to break long hyphae into short segments. The
suspended mycelia was then spread over the surface of a 5 cm Petri dishes
containing ACM (with uridine/uracil and pyridoxine supplements as required),
and the plates were sealed after 24 hours before being inoculated for 28 days

at 32 C in darkness.

Figure 3-8 Growth phenoptype of AAN4813.2 strain compared to parental
2-258 on ACM. Compared to control strain 2-258, the AAN4813.2 strain failed
to form green conidia and produced an orange-brownish pigment.

Compared to the controls, the average number of cleistothecia showed a
significant reduction in both AAN4813-2 and AAN4813-14 [Figures 3-9 and 3-
10; F (3,16) =78.44; p<0.0001]. By contrast, there was no significant difference

69



in the size (diameter) of cleistothecia when comparing controls and gene
deletion mutants [F(3,16)=1.206;p=0.3396], although the data collected
suggested that the range of diameter was larger in the AAN4813.2 strains with
the larger standard deviation suggesting that there were more unmatured or
less developed fruit bodies in the AN4813.2 deletant strains. Meanwhile,
results showed a decline by more than 1,000-fold in production of ascospores
in the AAN4813-2 and AAN4813-14 strains as compared to the control strain
[F(3,12)=118.4; p<0.0001]. The proportion of viable spores in the parental strain
was 41.3% but the proportion in both AAN4813.2 strains were less than 1%
[1.04% in AN4813-2; 0.35% in AN4813-14; F (3,12)=22.93; p<0.0001]. The
complementation strain AN4813-2C8 showed restoration of both the number of
cleistothecia and also proportion of viable spores (41.3%), and with no

significant difference in size to the wild type (Figures 3-9 and 3-10).
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Figure 3-9 Sexual development of AAN4813.2 and control (2-258) and
complementation strains of A. nidulans. AAN4813.2 strains showed
defective cleistothecia and ascospore development when compared to parental
strain 2-258 and the complement strain AN4813-2C8. A represents the number
of cleistothecia produced by the various strains. B represents the size (diameter)
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of cleistothcia. C represents the number of ascospores collected from agar
plugs with a defined surface area. D represents the viability of ascospores
collected from cleistothecia with a defined numbers spread out onto plates.
Dots indicate biological replicates in each section. Error bars indicate £+ SEM.
**** indicates significant difference from the controls at P<0.0001.

Figure 3-10 Cleistothecial formation by AAN4813.2 and control and
complementation strains of A. nidulans. The AAN4813.2 strain formed a
reduced number of ascospores when compared to the control 2-258 strain and
AN4813.2 complementation strain. Cleistothecia of reduced size are indicated
by red arrows. CL: cleistothecia; AS: ascospores;HC: hillle cells.
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3.3.2.4 Transcription factors AN1217.2, AN7170.2 and AN7736.2

Three different transcription factors with possible involvement in sexual
development were investigated. First, sequence of the A. flavus homeodomain
protein HBX1 (XP_002380469.1) was used to identify a putative homolog
AN1217.2 in A. nidulans, which showed 87.2 % identity and an E-value of 3.1e"
128 (Table 3-2; Appendix 16). The gene AN1217.2 was 1,873 bp and encoded
a putative 566 aa polypeptide whose N-terminal contained a homeobox domain
at position 19-99. Second, sequence of the A. oryae bHLH protein ScIR
(XP_001825886.1) was used to identify a putative homolog AN7170.2 in A.
nidulans, which shared 82.4 % identity to ScIR with an E-value of 8.8 (Table
3-2; Appendix 17). The gene AN7170.2 was 932 bp and encoded a putative
274 aa polypeptide which formed a bHLH domain. Third, sequence of the T.
reesei C2H2 protein Trire2: 59600 (XP_006964350.1) was used to identify a
putative homolog AN7736.2 in A. nidulans, which showed 65.7 % identity and
an E-value of 9.3e'®® (Table 3-2). The gene AN7736.2 was 1,969 bp and
encoded a putative 637aa polypeptide with an ankyrin repeating domain
(Appendix Figure 8). Knock-out cassettes for ANID 01217.1 and
ANID_07736.1 were available from Fungal Genetics Stock Center (FGSC), and
fragments were amplified by PCR (Appendix 23) whereas the AN7170.2
knock-out cassette had to be constructed by fusion PCR (Appendix 23 to 24).

Two AAN1217.2 transformants were obtained, termed AAN1217-6 and
AAN1217-17, which exhibited correct patterns of knock out integration
(Appendix 25 to 26). Deletion of AN1217.2 led to a block of conidiation, similar
to the phenotype seen in Ahbxl strains of A. flavus (Cary et al., 2017).
Therefore, sexual cultures had to be set up using a hyphal-spread technique as
described above for mybA (Section 3.2.2.3). Both AAN1217.2 strains were
found to produce significantly lower numbers of cleistothecia than the control

strains, whereas the size of cleistothecia, the number of ascospores and the
72



viability of ascospore were similar to controls [Figures 3-11A-D and 3-12; F

(3,20)=7, P<0.0001].
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Figure 3-11 Sexual development of AAN1217.2 and control (2-258) strains
of A. nidulans. Compared to the parental control strains 2-2580 and 2-258P,
the AAN1217.2 strains formed less cleistothecia although with a larger average
size. A represents number of cleistothecia produced by the various strains per
unit area as determined by microscopy. B represents the size (diameter) of
cleistothecia size as measured by microscopy. C represents the number of
ascospores collected from agar plugs with a defined surface area. D represents
the viability of ascospores collected from cleistothecia when a defined number
were spread out onto plates. Dots indicate biological replicates in each section.
Error bars indicate £+ SEM. *** indicates significant difference from the controls
at P<0.001; **** indicates significant difference from the controls at P<0.0001.
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1, g,

Figure 3-12. Fruit body (cleistothecial) development of AAN1217.2 and
control strains of A. nidulans. The AAN1217.2 strains were found to produce
significantly lower numbers of cleistothecia than control strains, although the
size of cleistothecia was similar.CL: cleistothecia; AS: ascospores.

Two AAN7170.2 transformants were obtained, termed AAN7170-1 and
AAN7170-1, which exhibited correct patterns of knock out integration
(Appendix 25 to 26). Gene deletion did not impact on sexual development in
A. nidulans in terms of number and size of cleistothecia and numbers of
ascospores (Figures 3-13A-C and 3-14). However, a significant reduction in
ascospore viability was apparent in both of the transformants [F (5,18)=32.00,
P<0.005 for AN7170-1; P<0.0001 for AN7170-4; Figure 3-13D]. Meanwhile,
two AAN7736.2 transformants were obtained, termed AAN7736-4 and
AAN7736-7 which exhibited correct patterns of knock out integration
(Appendix 25 to 26). Again, gene deletion did not impact on sexual
development in terms of number and size of cleistothecia and numbers of

ascospores (Figures 3-13A-C and 3-14). However, a reduction in ascospore
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viability was apparent in just one of the two transformants (AN7736-7; Figure

3-13D).
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Figure 3-13 Sexual development of AAN7170.2 and AAN7736.2 and
control (2-258) strains of A. nidulans. Compared to the parental control strain
2-2580 and 2-258P, the gene knock out strains AAN7170.2 and AAN7736.2
did not show significant differences in cleistothecia development, whilst
AAN7170.2 strains and strain AN7736-7 showed reduced viability of
ascospores. A represents number of cleistothecia produced by the various
strains per unit area as determined by microscopy. B represents the size
(diameter) of cleistothecia size as measured by microscopy. C represents the
number of ascospores collected from agar plugs with a defined surface area. D
represents the viability of ascospores collected from cleistothecia when a
defined number were spread out onto plates. Dots indicate biological
replicates in each section. Error bars indicate + SEM. ** indicates significant
difference from the controls at P<0.05; **** indicates significant difference from
the controls at P<0.0001.
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Figure 3-14 Fruit body (cleistothecial) development of AAN7170.2,
AAN7736.2 and control strains of A. nidulans Images show sexual
development in the gene knock out AAN7170.2 and AAN7736.2 strains as
compared to the 2-258 parental control strain. CL: cleistothecia; AS:
ascospores.

3.3.2.5 Other candidate genes — AN3147.2, AN10631.2 and AN4891.2

Three other candidate genes with possible involvement in sexual
development were evaluated. Knock-out cassettes ANID 03147.1,
ANID_04891.1 and ANID_10631.1 were available for all of these genes from
the FGSC and were amplified by PCR (Appendix 22).

First, BLAST searching with the HET-C2 sequence from P. anserina
(AAA20542.1) identified a possible homolog AN3147.2 in A. nidulans, which
showed 62.9% identity with an E-value of 5.1e’"! (Table 3-2; Appendix 19).
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The gene AN3147.2 is 800 bp in length including four exons and three introns
and is predicted to encode a 192 aa poypeptide (XP_660751.1) that belongs to
the glycolipid transfer protein superfamily, with an active domain at position 27-
191 aa. Two A3147.2 transformants were obtained, termed AAN3147-3 and
AAN3147-10, which exhibited correct patterns of knock out integration
(Appendix Figures 25 to 26). Gene deletion resulted in a significant
reduction in numbers of cleistothecia produced, although there was no change
in average size (diameter) of cleistothecia [Figures 3-15A,B and 3-16;
F(3,16)=16.55, p<0.0001]. There was also a significant reduction in the average
number of ascospores produced, with over a 50-fold reduction [F (3,12)=5.566;
p=0.0125], although ascospore viability was not impacted (Figure 3-15C,D).
The complementation strain AN3147-3C15 showed restoration of both the

number of cleistothecia and also number of spores (Figure 3-15A,C).
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Figure 3-15 Sexual development of AAN3147.2 deletion and
complementation and control (2-258) strains of A. nidulans. AAN3147.2
strains showed defects in fruit body formation as compared to parental strain 2-
258 and the complement strain AN3147-3C15. A represents number of
cleistothecia produced by the various strains per unit area as determined by
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microscopy. B represents the size (diameter) of cleistothecia size as measured
by microscopy. C represents the number of ascospores collected from agar
plugs with a defined surface area. D represents the viability of ascospores
collected from cleistothecia when a defined number were spread out onto plates.
Dots indicate biological replicates in each section. Error bars indicate £+ SEM. *
represents significant difference from controls at P<0.05.

Figure 3-16 Fruit body (cleistothecial) development of AAN3147.2,
complementation and control strains of A. nidulans. Images show sexual
development in the gene knock out AAN3147.2 strain as compared to the 2-
258 parental control strain and AAN3147.2 complementation strain. CL:
cleistothecia; AS: ascospores; HL: hiille cells.

Second, BLAST searching with the PRO41 sequence from S. macrospora

(XP_003347542.1) identified a possible homolog AN10631.2 in A. nidulans,
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which shared 48 % identity and returned an E-value score of 2.7e?° (Appendix
20). AN10631.2 showed 50 % identity with HAM-6 (XP_964262.1) from N.
crassa. This was a relatively low match compared to most other candidate
genes (Table 3.2) and other possible candidate homologs were identified
(results not shown). Due to time limitations work was only persued with
AN10631.2 Two A10631.2 transformants were obtained, termed AAN10631-5
and AAN10631-8 which exhibited correct patterns of knock out integration
(Appendix 25 to 26). Gene deletion did not result in any significant change in

sexual development compared to control strains (Figures 3-17A-D, 3-18).
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Figure 3-17 Sexual development of AAN10631.2 deletion and control (2-
258) strains of A. nidulans. A represents number of cleistothecia produced by
the various strains per unit area as determined by microscopy comperting to
parental strains 2-2580 and 2-258P. B represents the size (diameter) of
cleistothecia size as measured by microscopy. C represents the number of
ascospores collected from agar plugs with a defined surface area. D represents
the viability of ascospores collected from cleistothecia when a defined number
were spread out onto plates. Dots indicate biological replicates in each section.
Error bars indicate + SEM.
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Figure 3-18 Fruit body (cleistothecial) development of AAN10631.2 and
control (2-258) strain of A. nidulans. Images show sexual development in the
gene knock out AAN10631.2 strain as compared to the 2-258 parental control
strain. CL.: cleistothecia; AS: ascospores.

Third and finally, BLAST searching with the ASF-1 sequence from S.
macrospora (XP_003345657.1) identified a possible homolog AN4891.2 in A.
nidulans that showed 83.8 % identify (Table 3-2; Appendix 21). Despite
several attempts, it was not possible to obtain any correct AAN4891.2 deletion
strains, with the only transformants obtained showing ectopic integration
(Appendix 25). This suggested that this putative histone chaperone is essential

for general growth of the species and work was not pursued.
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3.4 Discussion

3.4.1 Optimum temperature for sexual development in A. nidulans

Since the pioneering work of Pontecorvo (1951), the sexual cycle of A.
nidulans has routinely been induced in laboratories worldwide at 37 °C following
the procedures first set out by Pontecorvo. However, previous research at the
University of Nottingham assessing the effects of various factors on sexual
cycle of A. nidulans (including sealing plates at different time points, incubating
plates in three different stacking arrangements, and incubation at either 32 °C
or 37 °C) had suggested that 37 °C might not be the optimum temperature for
reliably inducing sexual reproduction in A. nidulans (Ashour, 2014).

Following on from the previous study of Ashour (2014), the present work
tested the effect of temperature on sexual development in a representative set
of wild-type, veAl, and kuB mutant strains of A. nidulans. The wild-type isolates
and the AkuB isolate 2-258 all generally formed maximum numbers of
cleistothecia at 32 °C, whereas the veAl isolate 2-149 was unusual in forming
more cleistothecia at 37 °C. Most isolates showed a reduction in ascospore
production at 37 °C, expect for the veAl isolates 2-149 and 2-154, and wild-
type isolate 2-224, but there was no significant increase in ascospore
production for most isolates between 25 °C and 32 °C, despite the increased
number of mature cleistothecia observed at 32 °C. The potential reason for this
apparent disparity might be that supposed ‘immature’ cleistothecia under the
size of 100 ym in diameter, observed at 25 °C and 28 °C, did actually contain
ascospores which would have contributed to the overall level of ascospore
formation recorded at these lower temperatures.

Taken as a whole, these results indicate that a temperature of 32 °C is to
be recommended for the induction of the sexual cycle in A. nidulans when using

wild-type strains of A. nidulans. This temperature was also adopted for further
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experimental work in the present study with the key strain 2-258. However, it is
cautioned that most laboratory strains worldwide share a common origin to the
veAl mutant strains 2-149 and 2-154, so there might not be an advantage to
incubation at a lower temperature of 32 °C to induce sex in such strains. Also
rates of ascospore germination were not tested at each temperature, and there

could conceivably be variation according to incubation temperature.

3.4.2 A. nidulans as a model for sexual development in the Ascomycotina

A. nidulans has long been used as a model for understanding sexual
development in the Ascomycotina. However, standard models proposed [e.g.
those of Poggeler et al. (2006) and Dyer and O’Gorman (2012)] do not yet
include certain genes shown to have roles in sexual development in various
other ascomycete species as these have yet to be characterised in A. nidulans.
Studies were therefore undertaken to determine if such genes influenced
sexual development in A. nidulans in order to determine if these genes were
indeed ‘universal’ ascomycete sex genes. Overall it was found that the majority
of genes investigated did indeed impact on sexual development in A nidulans.
However, very few of the genes proved to be essential for sexual reproduction,
unlike some previously reported genes (Dyer and O’Gorman, 2012), with gene
deletion instead mostly resulting in a decrease of production of cleistothecia
and ascospore production rather than a total loss. The impact of gene deletion
also had some different outcomes to those described for other ascomycete
species as will now be discussed (summarised in Table 3-3). It should be noted
that for all genes under investigation, the approach used was to compare sexual
fertility between control and gene deletion strains in terms of number of
cleistothecia formed, number of ascospores formed, and the viability of
ascsopores. There were no apparent major growth rate differences between

most of the control and gene deletion strains. However, this was not formally
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investigated and so it is cautioned that slight reductions in growth in gene
deletion strains might have partly been responsible for any observed

decrease in sexual fertility.

Table 3-3 Phenotype of gene knock out strains in A. nidulans

Strain Sexual fertility
No. of Diameter of No. of Ascospore

cleistothecia cleistothecia ascospore viability
AAN2701.2 Increase Decrease Decrease Decrease
AANG611.2 Defect vegetative growth
AAN4632.2 Normal Normal Normal Normal
AANO0164.2 Decrease Decrease Decrease N/A
AAN4813.2 Decrease Normal Decrease Decrease
AAN7170.2 Normal Normal Normal Decrease
AAN7736.2 Normal Normal Normal Normal
AAN1217.2 Decrease Increase Normal Normal
AAN3147.2 Decrease Normal Decrease Normal
AAN10631.2 Normal Normal Normal Normal
AAN4891.2 Failed to obtain deletion strain

3.4.1.2 AN2701.2 MAPK scaffold protein

The mitogen-activated protein kinase (MAPK) module is a highly
conserved signal transduction pathway in eukaryotes. In 2007 an additional
member of the module, IDC1 was identified from P. anserina which affected
protoperithecial formation, with gene deletion resulting in a defect in the
transition of ascogonia into protoperithecia (Jamet-Vierny et al., 2007). The
homolog HAM-5 was studied in greater depth in N. crassa, and evidence
provided that it acts as a scaffold protein and is required for hyphal fusion
(Dettmann et al., 2014; Jonkers et al., 2014). A homolog Trire2: 67350 was also
shown to effect female fertility in T. reesei (Linke et al., 2015). Deletion of the
homolog AN2701.2 in the present study was also found to impact on sexual
development in A. nidulans. Gene deletion resulted in a significant increase in

number, but decrease in size, of cleistothecia when the sexual cycle was
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induced on Aspergilllus complete media (ACM), together with a drastic
reduction in the number and viability of ascospores. This result provides further
support for a conserved role of the MAPK module in sexual development in the
Ascomycotina. Indeed, during the course of studies, it was discovered that
another group had also been studying A. nidulans AN2701.2. Frawley et al.
(2018) undertook biochemical characterization of the protein and confirmed that
AN2701.2 (which they named hamE) acts as a scaffold protein that associates
kinase phosphorylation and signalling in the AnSte11-Ste50-Ste7-Fus3 module,
which is involved in the pheromone signalling and sexual sporulation of A.
nidulans (Bayram et al. 2012). However, when Frawley et al. (2018) evaluated
the impact of hamE (AN2701.2) gene deletion, they only screened for sexual
development on a glucose minimal medium (which they also used for growth
and inducing sexual sporulation). The deletant strain failed to make
cleistothecia and it was suggested that hamE was essential for sexual
development. However, results from the present study showed that sexual
development is possible on ACM (albeit at a much reduced level), indicating
that nutrient composition can effect outcomes relating to this gene. We also
observed a block of sexual development in our AAN2701.2 deletion strain when

using the same Glucose Minimal Medium as Frawley et al. (2018) (Figure 3-3).

3.4.2.2 STRIPAK unit proteins

The STRIPAK complex was first discovered in human and reported to be
a mediator of several signal transduction pathway for regulation of cell
development (Shi et al., 2016). The homolog in the fission yeast was named
the SIN-inhibitory PP2A complex (SIP) for its function in the septation initiation
network (Singh et al., 2011). In filamentous fungi, a number of studies involving
Sordaria and Neurospora have revealed that the complex is pivotal for fruit body
development (Simonin et al., 2010; Bloemendal, et al., 2012; Section 1.4.4).
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In the case of A. nidulans, Son and Osmani (2009) isolated AN0164.2 as
a phosphatase, and their study suggested that AN0164.2 contained an PP2Ac
domain similar to that of the human PP2Ac (Goudreault et al., 2008). Deletion
of this gene caused defective growth in A. nidulans (), but its function in sexual
development was not evaluated and the protein was not explored as a possible
subunit of the STRIPAK complex (Figure 1-5; Section 1.3.2.4) . In the present
research, AN0164.2 was identified as a likely PP2Ac component unit in the
STRIPAK core. Deletion of AN0164.2 was shown to block fruit body
development at an early stage and it proved impossible to isolate viable
ascospores because cleistothecia appeared immature. The homolog PP2Acl
in S. macrospora is similarly an essential factor in perithecial formation, hyphal
fusion and growth, and has a role in stress resistance (Beier et al., 2016).
PP2Ac1 was found to interact with PRO22, the STRIP1/2 unit of the STRIPAK
complex (Figure 1-5; Section 1.3.2.4). Linked to this, we detected a PRO22
homolog AN6611.2.2 in A. nidulans. In the present research, deletion of
ANG6611.2.2 appeared to have a great impact on development in A. nidulans,
with severely defective vegetative growth evident (Figure 3-7). In S.
macrospora, PRO22 is associated with the tubular and vesicular vacuolar
network, and has a function in ascogonia septation, which is the initial stage of
fruit body development (Bloemendal et al., 2010). Therefore, it is possible the
AN6611.2 might be involved in the fundamental development of hyphae that is
essential for maintaining normal growth.

Another STRIPAK subunit identified in this study was AN4632.2, the
putative SLAMP unit (Figure 1-5; Section 1.3.2.4). The SLAMP unit in N.
crassa HAM-4 is regarded as a core unit of its STRIPAK complex (Simonin et
al., 2010). However, deletion of AN4632.2 did not appear to impact on sexual
development in A. nidulans. This was surprising given that the SLAMP unit

PROA45 is required for sexual development in S. macrospora, and interacts with
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other STRIPAK subunits such as the striatin unit PRO11 and MOB3 (Nordzieke
et al., 2015). Similarly, in N. crassa HAM-4 influences ascospore formation
(although formation of perithecia is not affected), and interacts with the
homologous units Ppgl and HAM-2 that are essential for hyphal fusion and fruit
body development (Simonin et al., 2010; Dettmann et al., 2013).

The first STRIPAK subunit identified in A. nidulans was the striatin unit StrA.
This protein regulates sexual development as deletion of the strA gene reduced
cleistothecia size and ascospore number; while overexpression promoted
cleistothecia formation (Wang et al., 2010). StrA localizes to the endoplasmic
reticulum and nuclear envelope, which suggests a role in the Ca2+/calmodulin
signalling pathway (Wang et al., 2010). Recently, other STRIPAK units were
unveiled by tandem affinity purification (TAP), GEP pull-down and LC-MS/MS
protein identification methods (Elramli et al., 2019). Following on from these
findings, Elrami et al. (2019) proposed that the STRIPAK complex in A. nidulans
is constructed of MOB3 SipA, SIKE SipB, STRIP1/2 SipC (AN6611.2), SLAMP
SipD (AN4632.2), PP2Ac SipE (AN0164.2; PgA), and PP2AA SipF subunits. It
was suggested that SipA interacts with StrA in all stages of development
including the vegetative growth and the sexual cycle, and as well as with SipB.
The gene sipD (AN4632.2) was expressed during both developmental stages,
but after 48 hours of the sexual cycle the expression reduced dramatically
(Elramli et al., 2019). Deletion of SipB, SipC, SipD and SipE decreased hyphal
growth rate and conidiation, and blocked fruit body formation (Elramli et al.,
2019). The localization of the complex was dependent on StrA, which is thought
to act as a platform for the interactions between the subunits. Given StrA as the
platform, it was proposed that SipA, SipB-SipD heterodimer and SipC-SipE-
SipF heterotrimeric interacts with StrA, respecitively, and finally the fully

functional AnSTRIPAK complex is constructed which regulates MpkC for

86



oxidative stress and MpkB for sexual development via their MAPK pathways
(Elramli et al., 2019; Jun et al., 2011).

In conclusion, the STRIPAK complex in filamentous fungi such as A.
nidulans, N. crassa and S. macrospora appears be conserved in both overall
structure and function. In N. crassa, the complex contains straitin HAM-3,
STRIP (HAM-2), SLAMP (HAM-4), MOB-3, PPG1 and PP2AA, with HAM-2 and
HAM-3 forming the core components for the assembly of other subunits at the
nuclear envelope (Dettmann et al., 2013). In S. macrospora, PRO11, PRO22,
MOB3, PP2Ac and PP2AA form the central core of the STRIPAK complex
(Bloemendal et al., 2012). In A. nidulans, StrA forms tetramer via its N-terminal
coiled-coil domain and behaves as the scaffold and binds with the other three
subcomplex through its C-terminal WD40 repeat domain, including the SipB-
SipD (AN4632.2) complex, SipA, and the SipC(AN6611.2)-SipE(AN0164.2)-
SipF complex (Elramli et al., 2019; Kuck and Stein, 2021). The fungal STRIPAK
complex is therefore a key signaling mediator that regulates sexual
development, hyphal fusion, stress resistance and secondary metabolism and
it is likely that deletion of most sub componets will impact on sexual
development (Wang et al, 2010; Bloemendal et al., 2010; Bloemendal et al.,
2012; Dettmann et al., 2013; Beier et al., 2016; Elramli et al., 2019; Kuck and
Stein, 2021).

3.4.2.3 MybA transcription factor protein

The myb gene family encodes transcription factors binding to a specific
DNA sequence to regulate gene expression and thereby affect cell growth and
differentiation (Oh and Reddy, 1999). A putative myb transcription factor
AN4813.2 was here identified in A. nidulans, with results indicating that it is an
activator of conidiation and involved in later stages of fruit body development.

Deletion of AN4813.2 first resulted in defects in asexual conidiation together
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with production of an unknown orange pigment, although hyphal growth
appeared not to be effected. The phenotype of defective asexual conidiation is
similar to that seen following mutation of mybA in A. fumigatus where MybA
was shown to strongly regulate the expression of wetA [a gene regulating
conidia formation (Ojeda-Lopez et al., 2018)], vosA and velB during conidial
development and trehalose metabolism in A. fumigatus (Valsecchi et al., 2017).
In the present research, conidiation was also blocked following deletion of
mybA, suggesting that it might also regulate expression of wetA, vosA and velB
genes in A. nidulans as well. Second, mybA deletion impaired sexual
development in A. nidulans, significantly reduced numbers of mature
cleistothecia with smaller and less mature cleistothecia being evident. However,
null AN4813.2 strains were still able to form cleistothecia and Hiille cells. Gene
deletion also greatly affected ascospore production, with ascospore numbers
dramatically reduced in the mutant strains and ascospore viability was impaired.
This is importantly believed to be the first report of the role of the MybA family
on fungal sexual development, as difficulties in inducing sex in A. fumigatus
Af293 derivatives had not allowed Valsecchi et al., (2017) to evaluate any
impact in sex.

It is possible to speculate about the underlying mechanism of MybA acivity.
In A. fumigatus MybA was found to control expression of two trehalose synthetic
genes in the pathway which leads to production of trehalose phospharylase,
therefore mybA deletion led to reduced trehalose accumulation that caused a
loss of conidial viability (Valsecchi et al., 2017). MybA also regulated the
expression of vosA and velB during conidial development (Valsecchi et al.,
2017). In parallel, Ni and Yu (2007) showed that vosA influences levels of
conidiospore production and trehalose accumulation in conidia. Therefore,
mybA deletion might lead to down regulation of vosA and velB, which are genes

required for normal sexual development of A. nidulans. The gene vosA is highly
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expressed in sexual spores and during trehalose synthesis (Kim et al., 2020).
Mutation of vosA resulted in impaired ascospore viability due to a reduced
synthesis of trehalose, which is needed to protect ascospores from
environmental stressors such as heat and oxidative chemicals (Kim et al., 2020).
VosA also interacts with VeA and VelB to form the velvet complex, which
activates sexual development in darkness (Bayram et al., 2008; Park et al.,
2014). Given these roles of vosA and velB, it would be of interest in further work
to assess the expression level of these genes and the production of trehalose
in AAN4813.2 deletion strains. Looking ahead it would also be of interest to
study the role of mybA in sexual development of A. fumigatus considering the
close phylogenetic relationship of the species with A. nidulans.

It is noted that AN4813.2 is not the only Myb-domain transcription factor to
have been described from A. nidulans. FIbD in A. nidulans is a Myb transcription
factor that regulates brlA expression and is therefore required for asexual
conidiation. Gene deletion also effected sexual development, a knock-out strain
failing to form the normal external tissues of cleistothecia, instead leaving Hulle
cells and naked asci and viable ascospores lacking external peridium tissues
(Arratia-Quijada et al., 2012). These results suggest a conserved role for Myb-
domain transcription factors in morphological development in the aspergilli.
Hypothetically, AN4813.2 might be not in a central position of sexual
development as fruit body development was not impaired at an early stage, but

it could act upstream of vosA and velB which impact ascospore maturation.

3.4.2.4 Transcription factors AN1217.2, AN7170.2 and AN7736.2

Three different transcription factors with possible involvement in sexual
development of A. nidulans were investigated. First, deletion of the putative
homeobox transcription factor AN1217.2 led to a block in asexual conidiation

similar to the phenotype seen in A. flavus where Ahbx1 strains showed reduced
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expression of the conidiation related genes brlA and abaA (Cary et al., 2017;
Ojeda-Lopez et al., 2018). In A. flavus, sclerotial formation (and therefore
sexual development) was also blocked following deletion of hbxl, and the
expression of nsdC and veA decreased as well (Cary et al.,, 2017). It was
therefore hypothesized that AN1217.2 might be a repressor of sexual
development in A. nidulans. It may be speculated that the difference in results
between A. flavus and A. nidulans relates to the different nature of their fruit
body types. A. flavus forms sclerotia containing cleistothecia that are different
in structure to the non-enclosed cleistothecia of A. nidulans (Horn et al., 2012;
Dyer and O’Gorman, 2012). Taking into account that hbx1 repressed nsdC and
veA expression in A flavus, it would be worthwhile examining further the
function of AN1217.2 in A. nidulans by overexpression tests. Indeed, work was
begun to study the effect of overexpression of AN1217.2 but because of time
pressures this work was not completed.

Second, the scIR homolog of AN7170.2 was investigated. Deletion of scIR
caused reduction of sclerotial formation and promotion of conidiation in A.
oryzae (Jinetal., 2011) and it was considered might therefore impact negatively
on sexual development in A. nidulans. However, gene deletion did not impact
on the number and size of cleistothecia and ascospore numbers. Unexpectedly
though a significant reduction in ascospore viability was apparent. Possible
reasons for the differences between A. oryzae and A. nidulans might again
relate to the different nature of their fruit body types; A. oryzae forming sclerotia
compared to the non-enclosed cleistothecia of A. nidulans (Dyer and O’Gorman,
2012) so that scIR might be required principally only for sclerotia formation.

Third, deletion of AN7736.2 did not influence sexual development although
in the homolog Trire2: 59270 from T. reesei the was reported to be involved in
sexual development (Linke et al., 2015). Because of limited studies on

Trire2:59270 the possible reason for species specificity remains to be revealed.
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3.4.2.5 Other candidate genes - AN3147.2, AN10631.2 and AN4891.2

Three final candidate genes with roles in sexual development were
investigated. First, a het-c2 homolog gene, AN3147.2, was identified in A.
nidulans and shown to affect certain aspects of the formation of cleistothecia.
The first step in sexual development is hyphal fusion, therefore the self/non-self
recognition system associated with the process might be predicted to have a
role in sexual development (Dyer et al., 1992). A diverse set of genes are
involved in heterokaryon incompatibility including het and even mating-type
genes in certain species (Pal et al., 2007). It has been speculated that MAT
genes may function in vegetative incompatibility to promote initiation of the
sexual cycle, while the het genes are responsible for allorecognition, to avoid
the possible spread of harmful chromosome elements (Pal et al., 2007). Anwar
et al. (1993) identified various het loci from A. nidulans by protoplast fusion of
diverse isolates, and their findings suggest that there might be at least eight
and a maximum 18 het loci. However, any role in sexual development was not
investigated. Although the main function of het loci is to avoid mixing of
dissimilar nuclei, they might nevertheless have a role in sexual development as
well (Dyer at al., 1992; Pal et al., 2007). In the case of P. anserina, the gene
het-c2 encodes a glycolipid transfer protein with a role in vegetative
incompatibility, perithecia formation and ascospore production (Saupe et
al.,1994; Shui et al., 2000). Deletion of het-c2 resulted in defects in the number
and size of ascospores, which was supposed to be caused by the abnormal
distribution of nuclei (Saupe et al., 1994). Bastiaans et al. (2017) later confirmed
that het-c is a highly diverse gene involved in pathogen-defense and
allorecognition, with the het-c2 variant being the most widely distributed in their
study collection. In this study, deletion of the homologous gene AN3147.2 in A.
nidulans led to a reduction in cleistothecia production. However, in contrast to

studies in P. anserina the development of ascospores was not affected greatly
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and viability of ascospores showed no significant difference to controls. It may
be hypothesised that AN3147.2 might be involved during the initial stage of fruit
body development in A. nidulans, with het gene divergence involved with
regulating hyphal fusion to form cleistothecial initials. However, further work is
required to investigate this hypothesis, including studies to determine if
AN3147.2 alleles show diversification consistent with het gene activity.
Elsewhere, in N. crassa, the tol gene is associated with heterokaryon
incompatibility and the mating-type genes matA-1 and mata-1. Shiu and Glass
(1999) hypothesised that tol is a divergent het locus that affects incompatibility,
whilst matA-1 and mata-1 act solely in sexual development. Another hypothesis
is that TOL interacts with the MATA-1/MATa-1 complex or their downstream
products to trigger the incompatibility (Shiu and Glass,1999).

Second, a putative PRO41 homolog AN10631.2 was identified from A.
nidulans. Despite the fact that mutation of PROA41 resulted in an early block in
sexual development in S. macrospora (Nowrousian et al., 2007) gene deletion
of AN10631.2 failed to have any impact on sexual development in A. nidulans.
Although a ‘negative’ result, this was nevertheless potentially important in
illustrating that not all proposed ascomycete ‘sex’ genes might have genus-
wide applicability. However, it is cautioned that AN10631.2 showed only 48-50%
identity with PRO41 and HAM-6 from S. macrospora and N. crassa,
respectively. Therefore an alternative explanation might be that AN10631.2
was not a true homolog of PRO41. Indeed, further independent BLAST
searching revealed that the actual PRO41 homolog in A. nidulans might be
AN5458 (M Bromley pers comm.) and thus further experimental work is
required to verify if a PRO41 homolog has a role in sexual development of A.
nidulans.

One final target was the homolog of the ASF-1 histone chaperone, which

has been shown to be required for sexual development in S. macrospora
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(Gesing et al., 2012; Schumasher et al., 2018). However, it was not possible to
obtain any viable AN4891.2 knock-out strains, suggesting that this is an

essential gene in A. nidulans.

3.4.3 Conclusions

It was established that incubation at 32°C led to increased levels of
cleistothecia and ascospore production for most study strains of A. nidulans
compared to the ‘traditional’ 37 °C temperature of Pontecorvo (1953). This
temperature was therefore used in subsequent experimental work.

Screening of a series of potential ‘sex’ genes that might be required for
sexual reproduction revealed that the majority of the candidate genes were
indeed involved with sexual reproduction in A. nidulans as with other members
of the Pezizomycotina, so could be considered genus-wide ‘sex’ genes.
Deletion of some genes had a broadly similar impact on sexual development
as with other ascomycete species e.g. the AN2701.2 MAPK scaffold, and the
AN0164.2 and AN6611.2.2 STRIPAK genes. However, critically some other
genes had a different impact in sex e.g. deletion of the AN3147.2 het-c gene
did not affect ascospore development (unlike P. anserina; Saupe et al., 1994);
deletion of the AN7170.2 scIR gene resulted in lowered ascospore viability
(unlike A. oryzae; Jin et al., 2011); and sexual development was still possible,
albeit at a reduced level, following deletion of the AN1217.2 homeobox gene
(unlike A. flavus; Cary et al., 2017). Meanwhile, deletion of certain genes had
no apparent impact on sexual development despite these genes being required
for sexual development in other pezizomycete species e.g. the AN4632.2
STRIPAK subunit gene not being needed (unlike N. crassa and S. macrospora;
Simonin et al., 2010; Dettmann et al., 2013; Nordzieke et al., 2015), and the
AN10631.2 putative PRO41 gene [unlike S. macrospora (Nowrousian et al.,

2007), although it is uncertain whether AN5458 might instead be a better match
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for PROA41]. It was also exciting to report for the first time that the AN4813.2
mybA transcription factor gene is required for fruit body development in the

Pezizomycotina.
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Chapter 4 The Potential Role of HMG Genes in Sexual

Development of A. fumigatus

4.1 Introduction

The fungus Aspergillus fumigatus can cause opportunistic infections in
humans, most notably invasive aspergillosis of the lung, especially when
patients have compromised immune systems (e.g. leukaemia or lymphoma,;
Comeéra et al., 2007; McCormick et al., 2010; Orciuolo et al., 2007). Key factors
that contribute towards the ability of A. fumigatus to cause infections are
properties of the asexual spores, thermo-resistance, and secondary metabolite
production (Ben-Ami et a.l, 2009; McCormick et al., 2010). For example,
gliotoxin, a key secondary metabolite produced by A. fumigatus, is thought to
contribute to virulence. Gliotoxin production is regulated by the gliotoxin
biosynthesis cluster, which contain 13 genes, with the expression of some
genes being co-regulated with asexual development (Scharf et al., 2012;
Schoberle et al., 2014). The evolution of antifungal drug resistance is another
complicating factor that has affected the treatment of infections by A. fumigatus.
Most notably there are now worldwide reports of a sub-set of isolates of A.
fumigatus which exhibit resistance to azoles, the most widely used antifungal

drugs for treatment of aspergillosis (Arendrup et al., 2010).

The main source of infection has long been thought to be via inhalation of
asexual conidial spores into lung. However, in 2009 it was reported that A.
fumigatus is also able to reproduce sexually under certain environmental
conditions, providing another possible source of inoculum in the form of
ascospores (O’Gorman et al., 2009). Thus, it has been speculated that the

sexual cycle might lead to the generation of novel forms of antifungal resistance
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and promote the spread of antifungal resistance genes worldwide (Zhang et al.,
2017; Swilaiman et al., 2020; Krofanty et al., 2021). Various tandem repeats
(TR) in the cyp51 promotor region have been associated with different azole
resistant phenotypes, and a novel TR4s® mutation was postulated to have arisen
via sexual reproduction from an orginal TR4s? genotype (Zhang et al., 2017).
Isolates of A. fumigatus from world-wide locations have been shown to be able
to complete mating and form ascospores, albeit even at a relatively low rate,
and therefore outcrossing has made genetic exchange possible (Swilaiman et
al., 2020; Krofanty et al., 2021) Therefore a better understanding of the
regulation of sexual development in A. fumigatus is hoped to provide insights

that might be of fundamental interest but also have biomedical applications.

4.1.1 Mating-type (MAT) and high mobility group (HMG) genes

Mating-type (MAT) genes act as transcriptional activators that are pivotal
in regulating the correct expression of target genes during sexual development
as already described Section 1.3.2.1 (Dyer et al., 2012; Lee et al., 2010).
Within the aspergilli, heterothallic species such as A. fumigatus are composed
of isolates of either MAT1-1 mating type, which contain a MAT locus encoding
an a-domain MAT1-1 protein, or MAT1-2 mating type, which contain a MAT
locus encoding a high mobility group (HMG) MAT1-2 protein (Paoletti et al.,
2005; Dyer and O’Gorman, 2012). By contrast, homothallic species such as A.
nidulans contains both a-domain and HMG MAT genes in the same genome
(Paoletti et al., 2007; Dyer and O’Gorman, 2012). The MAT loci of heterothallic
species contain highly diverged regions of DNA in the MAT1-1 versus MAT1-2
mating types, and so these MAT locus regions have been named ‘idiomorphs’
to acknowledge the high sequence divergence (Dyer et al., 2016). It was
thought that the a-domain MAT1-1 and HMG MAT1-2 proteins had different
evolutionary origins given their high sequence divergence. However, Martin et
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al. (2010) investigated the similarity of a-helices found in the a1 domain in
MAT1-1 and those found in SOX_HMG, which is a conserved HMG protein
involved in animal sexual determination. The first three a-helices were found to
show significant similarity between MAT1-1 and SOX_HMG, while a fourth helix
at the C-terminus was distinct, which indicated that MAT1-1 was in fact a
member of the HMG protein family and the encoding gene family was therefore

named as MATa_HMG (Martin et al., 2010).

More widely, HMG proteins (so called as the first members to be identified
were found to exhibit high mobility in gel electrophoresis) are transcriptional
activators which can induce gene expression by binding to DNA and causing
structural alterations (e.g. bending) that allow easier interactions with other
proteins i.e transcription factors (Stros et al., 2007). HMG proteins have been
shown to have a wide range of roles in developmental processes in eukaryotic
organisms, with various protein super families recognised (Idnurm et al., 2008;
Stros et al., 2007). For example, HMG genes involved in animal sexual
differentiation have been cataloged into the SOX_TCF_HMG super-family
containing T/A rich DNA sequence binding regions. HMG MAT1-2 genes
involved in fungal sexual development have been cataloged into the
MATA_HMG family, again containing T/A rich sequence for DNA binding, with
genes such as the mat-HMG or MAT1-2 (MAT2) in Aspergillius species and
other Pezizomycotina thought to represent an early diverged group of HMG
genes (ldnurm et al., 2008). A third super family of HMG genes is the
HMGB_UBF_HMG which contain non-specific DNA sequence binding regions
(O’Sulliivan et al., 2002). It is fascinating to note that transformation of the
human sex determination gene SRY into a sterile AMATZ2 (synonym AMATA) A.
nidulans strain was able to restore sexual development, and that the
downstream region of the A. nidulans MAT2 (MATA) ORF (+18 to +36)

contained an initiator element Inr which shares conserved features of SRY,
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indicating the common evolutionary functions of the HMG gene family (Czaje
et al., 2011). The analysis of MAT-HMG gene regulation in A. nidulans also
identified a silencer element termed ‘matA-SE’ in the upstream region (-512 to
-170) of the MAT locus; the deletion of mat-SE promoted MAT2 (matA)
transcription, whilst duplication reduced MAT2 (matA) expression, although
sexual development was not affected in either situation (Czaje et al., 2011). By
contrast, the deletion of the matA ORF undoubtably affects sexual development
in A. nidulans, with deletion of the gene leading to loss of ascospore production

although some immature cleistothecia were formed (Paoletti et al., 2007).

At the start of the present studies, the main HMG genes studied in the
Pezizomycotina were therefore almost entirely the MATA HMG and MATa-
_HMG family members (Martin et al., 2010). However, studies at the University
of Nottingham by Ashour (2014) and Salih (2016) using the conserved HMG
box core amino acid sequence in BLAST searches identified that there were at
least five further HMG family members in the genome of A. nidulans, and gene
deletion of four of these genes impacted on sexual development in A. nidulans
(Ashour, 2014; Salih, 2016). The A. nidulans gene AN3667 was found to be
essential for fruit body formation as both deletion and overexpression of this
gene repressed cleistothecial formation (Ashour, 2014; Salih, 2016). Other
HMG genes including AN1962, AN1267, AN2885, AN4734 (MAT2) and
AN2755 (MAT1) were also shown to be required for normal sexual development,
with the deletion of these genes resulting in a reduction in the development of
cleistothecia (Salih, 2016). In parallel, Benkhali et al. (2013) detected eight
HMG family genes in the genome of Podospora anserina. These genes could
be classified into various HMG super family sub-members (Figure 4-1).
Benkhali et al. (2013) systematically deleted all eight HMG genes in P. anserina,
including MATA_HMG gene family members PaHMG5 and PaHMGS,

HMGB_UBF_HMG gene family members PaHMG2, PaHMG3, PaHMG4 and
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PaHMG6, and HMGB gene family members PaHMG7 and PaHMGS9. Their
research identified different roles for the various HMG genes. Deletion of
PaHMG3, PaHMG4, and PaHMG7 impacted on the distribution of fruiting-
bodies on agar plates, although not directly on perithecial maturation. By
contrast, deletion of PaHMG6, PaHMG8, PaHMG9 (KEF1) impaired female
fertility, but not male fertility whereas PaHMG5 (homolog of A. nidulans
AN36670) was a critical element in sexual development impacting on both
female and male fertility (Benkhali et al., 2013). It was also found that PaHMG5
regulated PaHMG6 and PaHMGS8 in an HMG module network (Figure 4-2)

(Benkhali et al., 2013).
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Figure 4-1 Phylogram for the HMG-box superfamily of P. anserina
(Benkhali et al., 2013). HMG box domains of some plant, animal and fungi were
classified into groups according to core amino acid sequenced. The HMG
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genes of A. fumigatus are highlighted in red rectangle box. MATa_HMG is clade
A. SOX-TCF_HMG is clade C, MATA_HMG is clade B, E and G, HMGB-
UBF_HMG is clade D, F and H. Aspfu1 belongs to MATa_HMG (clade A);
Aspfu2 belongs to MATA_HMG (clade B).
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Figure 4-2 Regulatory network of HMG-box genes identifed in Podospora
anserina (Benkhali et al., 2016). The number next to arrows represents the
average FC in gene expression between the wild-type and mutant strains. FC
= relative quantity of cDNA for the gene of interest x (geometric mean of relative
quantity of cDNA for the normalization genes)™.

Taken as a whole, the studies of Benkahli et al. (2013), Ashour (2014) and
Salih (2016) indicate that HMG genes in the genome beyond the classic MAT-
A (MAT1-2) and MAT-alpha (MAT1-1) family genes have potential roles in
regulating sexual reproduction in fungi, and might even have further functions

given the high number of genes upregulated by the classic MAT genes (Dyer &
Kuck, 2018).
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4.1.2 Aims

The overall aim of work in the present chapter was to determine if HMG
gene homologs in A. fumigatus have conserved functions in sexual
development. This involved bioinformatic analysis to identify HMG gene
homologs in A. fumigatus followed by gene deletion to determine if this
impacted on the ability to form cleistothecia and ascospores. Specifically, HMG
gene deletant strains were crossed with isolates of the opposite mating type of
both wild-type background and also of the same AHMG gene deletion
background i.e. the related HMG homologs in A. fumigatus were knocked out
in both MAT1-1 and MAT1-2 background strains, respectively. In addition, as a
control the nsdC gene in A. fumigatus was investigated by gene deletion
approaches to determine if this gene is necessary for cleistothecial formation,
which would be similar to the known sexual function in A. nidulans (Kim et al.,

2009).

4.2 Materials and Methods

4.2.1 Strains

Wild-type strains used in experimental work were A. fumigatus 47-51
(MAT1-1) and 47-55 (MAT1-2), both highly fertile strains as reported by
O’Gorman et al. (2009). In addition two sexually fertile AkuB strains were used
to promote gene targeting in transformations, namely A. fumigatus 47-465
(MAT1-1) of AkuB::prtA background, and 47-466 (MAT1-2) of AkuB::prtA
background. Strain 47-465 originated from progeny of a AkuB strain 47-51-8 x
47-55 cross, and strain 47-466 originated from progeny of AkuB strain 47-51-
38 x 47-55 cross.
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4.2.2 Solutions, buffer and media

KTC (KCI-Tris-CaCl2) buffer
The buffer was prepared by dissolving 4.47 g KCI, 0.12 g Tris and 0.74 g
CaClz2-H20 (AnalaR@), UK) in 100 mL distilled water. The solution was adjusted

to pH7.5 and autoclaved at 121 °C for 15 mins.
40% PEG 6000 solution

40 % PEG 6000 solution was prepared by dissolving 60 g PEG6000 (Fisher,
UK), 0.12 g Tris base, and 0.74 g CaClz-H20 in 100 mL distilled water. The
solution was adjusted to pH 7.5 with HCI and autoclaved at 121 °C for 15 mins.
The PEG solution was filtered through a 0.22 pm syringe membrane filter before

use to remove any precipitation.
KCI Citric acid buffer

The buffer was prepared by dissolving 4.47 g KCI and 1.05 g citric acid
(Fisher, UK) in 100 mL distilled water. The buffer was adjusted to pH 5.8 NaOH

and autoclaved at 121 °C for 15 mins.
5 M Potassium Acetate solution

The 5 M potassium acetate (AppliChem, Germany) solution was prepared

by dissolving 49 g KAc in 100 mL distilled water.
3 M Sodium Acetate solution

The 3 M sodium acetate solution was prepared by dissolving 24.6 g NaAC
in 100 mL distilled water.
DNA extraction buffer

The DNA extraction buffer was prepared by dissolving 12.1 g Tris, 29.2 g
NaCl (Fisher, UK) and 100 mL of 0.5 M EDTA in 1 L distilled water. The solution
was adjusted to pH 8.0 and autoclaved at 121 °C for 15 mins. After autoclaving,
B-Mercaptoethanol was added to a final concentration of 10mM in the sterilized
solution.
10% Sodium Dodecyl Sulphate (SDS)
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The 10% SDS (Melford, UK) was prepared by dissolving 10 g SDS in 100
mL distilled water.
10X SSC buffer

The 10X SSC buffer was prepared by dissolving 44.12 g Nas-Citrate

(Sigma, UK) and 87.66 g NaCl in 1 L distilled water.
Depurination solution

The depurination solution was prepared by diluting 40 mL 10 M HClin 1L

distilled water.
Denaturation solution

The denaturation solution was prepared by dissolving 20 g NaOH (Fisher,

UK) and 87.66 g NaCl in 1 L distilled water.
Neutralization solution

The neutralization solution was prepared by dissolving 87.66 g NaCl and
60.57 g Tris/HCI in 1 L distilled water. The solution was adjusted to pH 7.5 with

HCL.
Washing solution |

The washing solution | was prepared by diluting 200 mL 10X SSC solution

and 100 mL 10% SDS in 1 L distilled water.
Washing solution Il

The washing solution Il was prepared by diluting 100 mL 10X SSC solution

and 100 mL 10% SDS in 1 L distilled water.
Solution A

The solution A was prepared by dissolving 11.67g maleic acid (AppliChem,
Germany), 8.77 g NaCl, and 3 mL Tween 20 in 1 L distilled water. The solution

was adjusted to pH 7.5 with NaOH.
Maleic acid buffer

The maleic acid buffer was prepared by dissolving 11.67 g maleic acid and

8.77 g NaCl. The solution was adjusted to pH 7.5 with NaOH.
Blocking solution
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The solution was prepared by 36 mL maleic acid buffer and 4 mL Western

blocking reagent (Roche, Germany).
Detection buffer

The detection buffer was prepared by dissolving 12.11 g Tris and 4 g NaCl
in 1 L distilled water adjusting to pH 9.5.

4.2.3 Methods

4.2.3.1 Synthesis of deletion cassettes

The deletion cassettes AFUB_004890, AFUB_042900, AFUB_067900 and
AFUA _3G01670 and were amplified from the AAFUB004890, AAFUB42900,
AAFUBO067900, AAFUB042890 and (AFUA3G01670) strains (transformant
strains utilizing A1163 as parental strain, gift from Bromley group at the
University of Manchester; primers used are listed in Appendix 38 and 55).

The knock-out cassettes AFUB069370 and AFUB09460 were made using
fusion PCR (Section 2.2.6) according to the protocol of Szewczyk et al. (2006).
The ORF of the target gene was replaced by the selectable maker hph that was
flanked by upstream and downstream fragments to facilitate homologous
integration (primers used are listed in Appendix 38 and 54). The genomic DNA
from A1163 of A. fumigatus was used as the template to amplify the upstream
and downstream flanking region. The hph was amplified from AAFUB004890

strain.

4.2.3.2 Synthesis of plasmids for complementation

The selectable marker ble was acquired from plasmid
AnPpgA_ble_AttrpCT_pUC19 (gift from M. Brock, University of Nottingham) by
restriction enzyme Notl digestion. The upstream flanking and gene of interest,

and the downstream flanking regions were amplified using strain A1163 as the
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template (primers used are listed in Appendix 40). The plasmid was

constructed by NEBuilder@ HiFi DNA Assembly (Section 2.2.7).
4.2.3.3 DNA extraction

The A. fumigatus strain was incubated for 24 hours at 37 °C in 50 mL ACM
(Section 2.1.1) within a 250 mL sterile flask (with 1 mL of 1x108 spores/mL
spore suspension). Mycelia were harvested by pouring through two layers of
sterile Miracloth in a funnel, and the residual broth was squeezed out to dry the
sample. The sample was collected in a 15 mL centrifuge tube and freezed in
liquid nitrogen. In the next step, the frozen mycelia were ground under liquid
nitrogen in a mortar. The resulting powder was collected in a 2 mL Eppendorf
tube (filled to 1/3 of the total volume), and then the tube was filled with 500 L
extraction buffer, 60 yL 10 % SDS and 2 pyL RNase before incubation at 65 °C
for 15 mins. After incubation, 160 uL 5M KAc was added to the sample, which
was vortexed to mix, followed by incubation in ice for 5 min, and then
centrifugation at 4 °C for 10 mins at 13,000 g. The approx. 600 uL supernatant
was transferred into a fresh 2 mL Eppendorf tube, and added with 700 pL
isopropanol and inverted 30 times for best mixing. The sample was centrifuged
at 13,000 g for 10 mins, and the supernatant was removed completely (DNA
pellet was collected at the bottom). The DNA pellet was resuspended in 400 pL
TE Buffer (Section 2.1.1) and incubated at 60 °C until the pellet was dissolved
completely. Subsequently, 55 yL 3 M NaAc was added to the sample, and the
mixture was centrifuged at 16,000 g for 5 mins. Afterward, the supernatant was
transferred into a new 2 mL Eppendorf tube and mixed with 500 uL isopropanol.
The tube was inverted for 30 times, and then centrifuged at 16,000 g for 10
mins. The supernatant was discarded, and the DNA pellet was washed with 400
ML 70 % EtOH (Section 2.1.1). The sample was centrifuged at 13,000 g for 10

mins, and the supernatant was removed. The DNA pellet was dried for 10 mins,
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and dissolved in 60 pL of TE buffer (Section 2.1.1). DNA samples were used

in Southern blotting.

4.2.3.4 Southern blotting

Probes for use in Southern blotting were amplified by replacing partial
dTTPs with DIG-UTPs. The PCR reaction solution included 1 pL of 10 mM dATP,
dCTP and dGTP separately, 0.7 yL of 10 mM dTTP, 0.5 pL of DIG-UTP; 1 pL of
100 mM forward and reverse primers each; 0.5 pL of Taq polymerase, 5 uL of
thermopolymerase buffer, 30 ng of deletion plasmid, and the reaction solution
was made up to a volume of 50 uL with dH20. The PCR cycles were 95 °C for
30 s as an initial denaturation, followed by 35 cycles of 95 °C for 30 s, 50 °C for
30s,72°Cfor60 s, and 72 °C for 5 m as final elongation. The product was gel
purified using a NucleoSpin@ Gel and PCR Clean-up kit according to
manufacturer’s instructions and stored at 4 °C. The genomic DNA of the wild-
type and the mutant strains were digested with suitable restriction enzyme
overnight. After the digestion, the samples were run on 0.8 % agarose gel for a
suitable time. The gel was incubated with depurination solution for 7.5 mins
twice followed by rinsing with water between each time, followed by incubation
with denaturation solution for 20 mins twice and rinsing with water between
each time, and then the gel was incubated in neutralization solution for 15 min
twice. The gel was then placed on the wet nylon membrane to transfer the
sample via a vacuum blotting system, and the nylon membrane was crosslinked
via UV using a Bio-Rad cross linker (Bio-Rad, UK). Afterward, the sample was
prehybridized for 1 hour in DIG Easy Hyb solution at 65 °C and 10 uL the DIG
probe was added hybridized overnight. Later, the membrane was washed with
solution | for 5 mins twice at 65 °C and then solution Il for 10 mins twice. The
membrane was then washed by solution A for 5 mins at room temperature and
followed by rinsing with malic acid buffer. The membrane was incubated in
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blocking solution for 30 mins firstly, and then new blocking solution with 0.8 pL
of Anti DIG AP Fab-fragment was added and incubated for 30 mins. Afterwards,
the membrane was rinsed with solution A for 10 mins twice, malic acid buffer
for 5 mins once, detection buffer for 1 min once consecutively. CDP Star
reagent was spread onto the membrane, and the membrane was placed in a
plastic bag and visualized with a GelDoc system using the chemiluminescence
setting. After this the membrane was rinsed with maleic acid buffer and stained
with NBT/BCIP buffer. The stain would take several hours or overnight to
develop. To stop the staining, the membrane was placed in water with few drops

of HCI.

4.2.3.5 PEG mediated protoplast transformation

1 mL of 1x108 spores/mL spore suspension from A. fumigatus strains were
inoculated in 25 mL ACM and incubated at 37 °C for 20 hours in 250 mL flasks
with shaking at 150 rpm. After the incubation, the mycelia was filtered through
sterile Miracloth and rinsed with sterile distilled water, and then the mycelia was
collected and resuspended in distilled water containing 10 mM DTT for 1 hour
at 28 °C without shaking. After the incubation, the mycelia were collected by
filtering through sterile Miracloth, and rinsed with the KCI solution (Section
4.2.2). 1 g of mycelia were weighted and resuspended in 20 mL of the filter-
sterilized osmotic solution containing 1.3 g Vino Taste (Geib and Brock, 2017)
and 0.1 g Lysing Enzyme (Geib and Brock , 2017). The digesting mixture was
poured into a sterile 125 mL flask and inoculated at 28 °C with shaking at 50
rom. After incubating the mycelia mixture for 1.5 to 2.5 hours, protoplasts
were collected by filtering the mixture through a new Miracloth funnel. with the
protoplasts suspension collected into a sterile 50 mL Falcon tube. Next, the
suspension was centrifuged at 4 °C for 8 mins at 3,220 g. The protoplasts pellet
was gathered at the bottom. The pellet was resuspended in 1 mL of the KTC
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buffer (Section 2.1.2), and the concentration was counted and calculated by
hemocytometer. The optimal concentration of the protoplasts aimed for was
between 5 X1 0" to 2 X 108 protoplasts/mL. In the transformation, 100 uL of the
protoplast solution, 25 yL 40 % PEG-6000 (Section 2.1.2) and 1-20 ug (in a
volume under 10 yL) DNA fragment were mixed gentlly in a 2 mL sterile tube.
The mixture was incubated on ice for 25 mins, and then 500 pL of PEG solution
was added dropwise and mixed gently with a cut-off 1 mL tip and incubated for
5 mins. After the incubation, 1 mL KTC buffer was added, and the tube was
inverted twice to dilute the PEG solution. For colony regeneration, 600 uL of
transformed protoplasts was added to top agar containing 0.1ug/L pyrithiamine,
180 mg/L hygromycin or 0.1 pg/L phleomycin, and the mixture was poured on
the bottom agar containing the respective antibiotic as the selection agent. The
transformation plates were incubated at 37 °C for 3-5 days. Regenerated
colonies were picked and the presence of a correct insert confirmed by

diagnostic PCR (Section 2.2.9).

4.2.3.5 A. fumigatus sexual crossing by point inoculation

Culture medium for inducing the sexual cycle of A. fumigatus was prepared
according to the methods of Ashton and Dyer (2019). 1 L of tap water was
added to 40 g Irish pinhead oatmeal in a 2 L flask, and the oatmeal solution was
boiled using a hotplate and stirred consistently with a magnetic flea until the
mixture reached boiling temperature, and then the temperature of hotplate was
lowered to cook/simmer for 45 min. After cooking, the solution was filtered
through two layers of cheese cloth to remove any solid oatmeal and refilled to
1 L using tap water. 10 g of agar was added to a 1 L Schott bottle, and 500 mL
of the oatmeal solution was added to the bottle and stirred to disperse/dissolve
the agar. The bottle was autoclaved at 117 °C for 30 mins. For preparing sexual
crossing plates, 25 mL of the oatmeal agar was poured per 9 cm diameter Petri
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dish. To inoculate crosses, 1 mL spore suspension of an appropriate
isolate/strain was prepared in 0.01 % Tween-80 from 5-7 days old slope
cultures grown on ACM (Section 2.1.1) and adjusted to a concentration of
5x10° conidia/mL using a haemocytometer method. Two 3 pL aliquots of spore
suspension from opposite mating types were point-inoculated approx. 4 cm
apart onto the oatmeal agar surface, and the mating types were marked on the
underside of plates by blue dots for MAT 1-2 and red dots for MAT1-1. The plates
were sealed with two layers of Parafilm and incubated at 30 °C in the dark for
3-4 months in single depth. The plates were examined periodically to reseal
breaks in Parafilm to prevent the agar drying out. Each group of crosses
contained four replicates. After 3-4 months, the fertility level was evaluated by
counting numbers of cleistothecia using the dissecting microscope and the
result was analysed by Prism 9.0 via one-way ANOVA and nested one-way

ANOVA.
4.2.3.6 Harvest of ascospores from cleistothecia

Ascospores were harvested from cleistothecia according to methods
described by Ashton and Dyer (2019). A mature cleistothecium was isolated
from the crossing plate using a fine-point needle (which had been flame
sterilized). The cleistothecium was washed by rolling in 20 uL of sterile water
on a 4% water agar plate to remove conidia and hyphae. The cleaned
cleistothecium was transferred into a sterile 2 mL microcentrifuge tube
containing 100 uL sterile 0.01% Tween 80, and the cleistothecium crushed
against the wall of the microcentrifuge tube to liberate ascospores. To acquire
a sufficiently high enough concentration of ascospores, five cleistothecia were
collected in each tube. The volume was adjusted to 1 mL by adding 900 pL
0.01% Tween 80 and the tube vortexed. To kill any remaining conidia and
hyphae, the tube was heated for 1 hour at 70 °C. The heat treated ascospore
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suspension was then diluted to a suitable concentration and aliquots spread

onto selective medium plates for isolating appropriate colonies.

4.2.3.7 PCR mating-type diagnostic

The mating-type of selected colonies was then determined via diagnostic
PCR following the method of Paoletti et al. (2005) for MAT determination in A.
fumigatus. The reaction included 100 ng of genomic DNA, 1 uL of 10 mM
dNTPs, 1 U of Phusion , 10 uL of 5X HF Buffer, 1 uL of 10 mM MAT1-1 specific
primer AFM1 (5-CCTTGACGCGATGGGGTGG-3’), 1 puL of 10 mM MAT1-2
specific primer AFM2 (5-CGCTCCTCATCAGAACAACTCG-3), and 1 uL of 10
mM the common primer AFM3 (5-CGGAAATCTGATGTCGCCACG-3’). The
cycles were 2 mins at 98 °C, 30 cycle of 20 secs at 98 °C, 30 secs at 65 °C, 30
secs at 72 °C, and a final 5 mins at 72 °C and hold sample at 10 °C.

4.2.3.8 Fertility test of A. fumigatus

Conidial spores were collected from slope cultures grown on ACM
(Section 2.1.1) that had been cultured for 3-5 days at 37 °C. The spore
concentration was counted and calculated by the hemocytometer method, and
the final concentration was adjusted to 1X10° spores/mL. To induce the sexual
cycle, 500 pL aliquots of spore suspensions from MAT1-1 and MAT1-2 strains
were mixed and vortexed. 50 uL aliquots of the mixture was then plated and
spread over the surface of 9 cm diameter oatmeal agar plates (Section 2.2.1),
and the inoculated plates were sealed immediately with two layers of Parafilm
and incubated at 30 °C in the dark in single depth (using four replicate per cross).
After 4 weeks of incubation, plates were inspected carefully by microscopy,
using a hoovering method to reveal cleistothecia as described by Ashton and

Dyer (2019). Numbers of cleistothecia were counted, and the data was
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analyzed by an unpaired t-test or other appropriate statistical test including one-

way ANOVA by PRISM 9.0.

4.3 Results

4.3.1 Effect of nsdC deletion on cleistothecial formation in A. fumigatus

In A. nidulans, NsdC is a positive regulator of sexual development and is
required for formation of cleistothecia and ascospores (Kim et al., 2009). This
gene was therefore used in pilot studies to test the possible impact of gene
deletion on sexual reproduction in A. fumigatus, specifically to investigate if
NsdC has a similar role in this heterothallic species. In parallel work at
Nottingham, AnsdC A. fumigatus strains had already been constructed by
transformation and selection in the highly fertile 47-51 (MAT1-1) parental
background using pyrithiamine as a selective marker for gene deletion (M Brock,
pers. Comm.). Two such AnsdC deletion strains, 47-51-AnsdC5 and 47-51-
AnsdC4 were selected as candidates in fertility tests. The two AnsdC strains
were crossed with two wild-type MAT1-2 strains, namely the highly fertile 47-55
strain and a supposed medium fertility strain 47-107 (Swilaiman et al., 2020).
Compared with the wild-type control crosses, there was no significant reduction
in numbers of cleistothecia formed by either of the AnsdC mutants [Table 4-1;
F(3,20)=1.369, p=0.2820] i.e. sexual development was retained despite the
AnsdC mutation in one of the crossing partners. This suggested that in the
heterothallic species A. fumigatus, that the deletion of nsdC in the MAT1-1
parental strains might be being complemented by the presence of a functional
nsdC in the complementary MAT1-2 wild-type mating partners 47-55 and 47-
107. To test this hypothesis, cleistothecia formed in the first round of crossing
were collected and ascospores were isolated. The harvested ascospores were

then subjected to pyrithiamine selection to identify the presence of offspring
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with the AnsdC genotype and then their mating types were identified by PCR
(Appendix 42; Paoletti et al., 2005). This allowed the selection of progeny that
exhibited either a AnsdC MAT1-1 or AnsdC MAT1-2 genotype.

Table 4-1 Cleistothecia formed between MAT 1-1 AnsdC and MAT1-2 wild-

type strains. Numbers indicate average number of cleistothecia formed on a 9

cm diameter oatmeal agar crossing plate (mean of four replicates) + SEM.
MAT1-1strains

47-51 AnsdC4 ansdC5

MAT1-2 47-55 23.00+14.23 13.75+9.52 6.00£5.15
strains 47-107 | 22.25+18.50 24.00+11.94 26.75x2.17

Various crosses were then set up between MAT1-1 and MAT1-2 progeny
from the first round of crossing, either control crosses to a wild-type partner or
a cross to a similar AnsdC progeny partner of opposite mating type (Table 4-2).
These matings involved the crossing of MAT1-1 progeny strains AnsdC-b and
AnsdC-d that arose from crosses between the AnsdC 47-51 and 47-55 parents;
MAT1-1 progeny strains AnsdC-y and AnsdC-z that arose from crosses
between the AnsdC 47-51 and 47-107 parents; MAT1-2 progeny strains AnsdC-
a AnsdC-c that arose from crosses between the AnsdC 47-51 and 47-55
parents; and MAT1-2 progeny strains AnsdC-x and AnsdC-w that arose from
crosses between the AnsdC 47-51 and 47-107 parents, respectively. An
additional highly fertile wild-type MAT1-1 isolate 47-267 was also used in this

second round of crossing.
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Table 4-2 List of wild type, AnsdC and ascospore progeny isolates (from
AnsdC and wild-type crosses) that were used in AnsdC sexual fertility test

Strain Genetic background Mating type
47-51 Wild-type MAT1-1
47-267 Wild-type MATI-1
47-51- AnsdC4 AnsdC::prtA MATI-1
AnsdC a progeny of 47-51- AnsdC5 x 47-55; AnsdC::prtA MATI-2
AnsdC b progeny of 47-51- AnsdC5 x 47-55; AnsdC::prtA MATI-1
AnsdC c progeny of 47-51- AnsdC5 x 47-55; AnsdC::prtA MATI-2
AnsdCd progeny of 47-51- Ansd(C5 x 47-55; AnsdC::prtA MATI-1
AnsdC x progeny of 47-51- AnsdC5 x 47-107; AnsdC::prtA MATI-2
AnsdCy progeny of 47-51- AnsdC5 x 47-107; AnsdC::prtA MATI-1
AnsdC z progeny of 47-51- AnsdC5 x 47-107; AnsdC::prtA MATI-1
AnsdCw progeny of 47-51- AnsdC5 x 47-107; AnsdC::prtA MATI1-2

The results of the various crosses are shown in Table 4-3. In summary, it
was found that in almost all crosses where a MAT1-1 AnsdC strain was crossed
with a MAT1-2 wild-type strain that normal sexual development occurred (with
the sole exception of AnsdC-y x 47-107 which failed to form cleistothecia).
Similarly, in almost all crosses where a MAT7-2 AnsdC strain was crossed with
a MAT1-1 wild-type strain then normal sexual development also occurred (with
the one exception of the cross AnsdC-w x 47-267, which failed to form
cleistothecia). By contrast, all 16 crosses between MAT1-1 AnsdC strains and
MAT1-2 AnsdC strains failed to form cleistothecia i.e. this demonstrated that
the deletion of nsdC in both mating partners lead to a block in fruit body
formation in both mating-type backgrounds [Table 4-3, F (23,72)=10.29;
p<0.0001; Figures 4-3 and 4-4]. There was still no sign of cleistothecial
development even after a prolonged six months incubation for these latter
crosses. It is further noted that much variation was observed in numbers of
cleistothecia formed on the successful crossing plates as shown in Table 4-3
and Figure 4-3. The data was analysed via nested one-way ANOVA due to the
variance between crossing groups, and the subsequent analysis suggested

that nsdC deletion resulted in a reduction of fertility specifically in the MAT1-1
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background although cleistothecia were still formed [Figure 4-3, F (3,20)=3.43,
p=0.0366]. However, it is cautioned that relatively few isolates were examined
in this pilot experiment so these results regarding impact on MAT1-1 fertility

remain to be verified with a larger sample number.

Table 4-3 Number of cleistothecia formed in crosses between various
wild-type and AnsdC strains. Data compares cleistothecial formation in wild-
type x wild-type crosses (47-51 X 47-55, 47-51 X 47-107, 47-367 X 47-107)
versus wild-type x AnsdC crosses (47-51 X AnsdC (MAT1-2 background), 47-
267 X AnsdC (MAT1-2 background), 47-55 X AnsdC (MAT1-1 background) and
47-107 X AnsdC (MAT1-1 background). Numbers indicate average number of
cleistothecia formed on a 9 cm diameter oatmeal agar crossing plate (mean of
four replicates)x SEM. Data was analysied via nested one-way ANOVA. ****
indicates p<0.0001.

MATI1-1 strains
47-51 47-267 AnsdC-b AnsdC-z AnsdCy AnsdC-d
- 47-55 7 .0045.72 29.75+7.97 13.75+49.18 2.75+2.06 7.75+7.63 8.25+10.91
% 47-107 14.25+8.73  0.25+0.50 4.00+4.69 0.50+0.58 QF*** 0.5+1.00
E AnsdC-a 0.50+1.00 1.50+1.73 QF**® OF*** Q¥*** Q¥ ***
E‘ AnsdC-c 5.50+5.92 2.7545.50 Q¥*** QF*** Q¥*** Q¥***
§ AnsdC-x 35.00+21.83 21.25+8.06 Q¥ *** pOF*** Q¥*** Q¥ ***
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Figure 4-3 Number of cleistothecia formed in various crosses with AnsdC
and/or wild-type A. fumigatus strains. Numbers indicate average number of
cleistothecia formed on a 9 cm diameter oatmeal agar crossing plate (mean of
four replicates) + SEM. Data was analysed via nested one-way ANOVA and *
indicates p<0.05 and **** indicates p<0.0001.

Figure 4-4. Results of various crosses between AnsdC and/or wild-type A.
fumigatus strains on oatmeal agar following incubation for four months
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in darkness at 30 °C. Red arrow indicates cleistothecia, and white arrow
indicates the barrage zone where two mating types of A. fumigatus strains met.
The magnification factor of the dissecting microscope images is 10X. The scale
bar is 500 um. A cleistothecia formed in crosses between strains 47-267
(MAT1-1) and 47-55 (MAT1-2). B cleistothecia formed in crosses between 47-
267 and AnsdC a (MAT1-2). C cleistotheica formed in crosses between 47-55
and AnsdC b (MAT1-1). D lack of cleistotheica in attempted crosses between
AnsdC-a and AnsdC-b strains.

4.3.2 The construction of highly fertile A. fumigatus MAT1-1 and MAT1-2

AkuB strains

The results of the gene deletion work with nsdC described above (Section
4.3.1) indicated that in order to assess any impact of gene deletion of putative
HMG genes, that it would be necessary to undertake gene deletion in both
MAT1-1 and MAT1-2 strains of A. fumigatus in case of possible
complementation by a wild-type mating partner as seen with the AnsdC
experiments. It was also considered advantageous to conduct such GM work
into investigation of genes regulating sexual development using fertile AkuB
strains because the deletion of the kuB gene improves the rate of homologous
recombination, thereby increasing the success of targeted integration in gene
knock-out experiments (Eliana et al., 2006). Although such an A. fumigatus
AkuB strain already exists (M Bromley pers. comm.), being a ApyrG FGSC
A1160 derivative, previous work at Nottingham had found that this strain
unfortunately is sterile, and the same result was found in trial crosses in which
the supplementation of both uridine and uracil into the oatmeal agar medium
could not recover fertility.

Therefore, it was necessary to construct AkuB strains in both MAT1-1 and
MAT1-2 A. fumigatus backgrounds. The highly fertile strains 47-51 (MAT1-1)
and 47-55 (MAT1-2) (O’Gorman et al., 2009) were selected from the
Nottingham BDUN collection for this purpose. To start with the kuB gene was

deleted in the 47-51 (MAT1-1) background, using the selective marker ptrA for
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pyrithiamine resistance, with transformants selected on medium containing 0.1
g/L pyrithiamine following transformation methods (Section 4.2.5). Two MAT1-
1 isolates from the parental strain 47-51 were confirmed to be the correct
AkuB::ptrA single integrated strains by both diagnostic PCR and Southern
blotting. One of these MAT1-1 AkuB::ptrA strains was then crossed with 47-55
(MAT1-2). Progeny were then collected from this cross, and screened for both
mating type and the AkuB::ptrA genotype. This allowed identification of the
desired AkuB strains of both MAT1-1 and MAT1-2 genotype, with the strains
being coded as 47- 465 (MAT1-1) and 47-466 (MAT1-2) in the BDUN collection
(Appendix 45 to 48), in which kuB had been replaced with ptrA.

As a key aim of research was the characterization of genes related to
sexual development, the fertility of the AkuB 47-465 and 47-466 strains were
compared to that of the parental strains 47-51 and 47-55. The data indicated
that there was no significant difference between the fertility of the parental
strains and the AkuB strains (Figure 4-5; p=0.7026; t=0.3930, df=10), all strains
showing a similar pattern of variance between replicates in the same cross
(Appendix 41). Therefore, importantly, these results showed that deletion of
kuB did not influence the fertility of either MAT1-1 or MAT1-2 strains of A.

fumigatus.
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Figure 4-5 Number of cleistothecia formed in crosses between parental
wild-type isolates compared to AkuB deletion strains. 47-51 (MAT1-1) and
47-55 (MAT1-2) are wild-type high fertility strains and were used as the parental
strains to make the Aku strains. Strains 47-465 (MAT1-1) and 47-466 (MAT1-2)
are from the F1 progeny of Aku strain and 47-55, and were also ku deletion
isolates. Numbers indicate average number of cleistothecia formed on a 9 cm
diameter oatmeal agar crossing plate (mean of five replicates) + the standard
error of the mean; dots represent replicates of each group.

4.3.3 Identification of HMG genes in A. fumigatus

Protein sequences of the HMG genes previously found in A. nidulans (Salih
2016) were used as references to identify seven putative HMG gene homologs
in A. fumigatus via TBLASTN searches at the EnsemblFungi database

(https://fungi.ensembl.org/Multi/Tools/Blast) (Table 4-4; Appendix 49 to 53).

Gene deletion cassettes were constructed via a fusion PCR method (Szewczyk
et al., 2007) with assistance from personnel at the University of Manchester
(Manchester Fungal Infection Group, School of Biological Sciences, University
of Manchester; Prof. Mike Bromley group) who provided materials and
guidance. The A. fumigatus strain A1160 was used as the template for
synthesising the ca. 1,200 bp upstream and downstream flanking regions. The
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selectable marker was the hygromycin B resistance gene hph which was used
to replace the target HMG gene. The AFUB 009460, AFUB_042900,
AFUB_067900, AFUB_069370 and AFUA_3G06170 transformation constructs
were synthesized by fusion PCR. The AUFB_004890 and AFUB_037560
constructs were given as gifts by Prof. Bromley (Appendix 54 to 55). These
HMG genes were then systematically deleted in the AkuB::ptrA 47-465 (MAT1-
1) and 47-466 (MAT1-2) strains (Section 4.3.2) and transformants tested for
any impact in fertility as described below, together with control and gene
complementation strains (made using ble as the selectable marker; Section

4.2.3.2) where appropriate.

Table 4-4 BLAST search results of putative HMG genes with a possible role in
sexual development in A. fumigatus

Query sequence/Homologous gene in A. fumigatus via putative HMG Homologous gene
in A. nidulans TBLASTN domain in P. anserina

Protein ID Identity

(Gene ID) Gene ID E value (%) Gene
XP661271.1

(AN3667) AFUB_069370 3.00E-81 56.7 HMG box PaHMG5
XP659566.1

(AN1962) AFUB_067900 9.40E-120 87 HMG box PaHMG8
XP660359.1

(AN2755) AFUB 042900 4.60E-74 68.3 MAT alpha 1 N/A
XP662338.1 .

(AN4734) AFUA_3G06170 5.80E-79 55.7 MAT1-2-1; HMG box N/A
XP754458.1 nucleosome binding

(AN2885) AFUB_037560 6.90E-36 94.1 protein, HMG box PaHMG6
EAABG5860.1

(AN1267) AFUB_009460 7.20E-05 484 HMG box PaHMG2
CBF89496.1

(AN10103) AFUB 004890 9.20E-49 79.6 HMG box PaHMG4

4.3.3.1 AFUB_069370 is pivotal for fruit body formation in A. fumigatus

The amino acid sequence (XP_661271.1) of AN3667 was used to identify
a putative HMG homolog in A. fumigatus, with this single gene named as
AFUB_069370 and AFUA _4G12410 in the genome annotations of A1163
(MAT1-1) and Af293 (MAT1-2), respectively. AFUB_069370 shared 56.7%

amino acid identity with an E-value of 3e®! to AN3667, AN3667 had previously
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shown to be most closely related to PaHMG5 (PODANS1_13940) in P. anserina.
AFUB_069370 shared 48.9 % identity to PaHMGS, and with 40.8 % identity to
fmf-1 in N. crassa (Appendix 49). AN3667 is 1,561 bp in length and encodes
a putative 499 amino acid protein containing the conserved HMG box at residue
position from 206 to 276. By comparison, AFUB_069370 is 1,524 bp, and
encodes a putative 507 amino acid protein that includes the HMG box domain
at residue position from 195 to 271.

After PEG-mediated protoplast transformation of the AkuB::ptrA 47-465
(MAT1-1) and 47-466 (MAT1-2) strains, two AFUB_069370 deletant strains in
MAT1-1 background AAFUB69370M1a and AAFU69370M1b, and two knock-
out strains AAFUB69370M2a and AAFUB69370M2b in MAT1-2 background,
were selected and correct integration of the transforming DNA was confirmed
by diagnostic PCR (Table 4-5; Appendix 56 to 57). Two gene complementation
strains, AFUB69370M1C (MAT1-1) and AFUB69370M2C (MAT1-2) were also
subsequently made, wusing transformants AAFUB69370M1a and
AAFUBG69370M2a, respectively, as the parental strains (Table 4-5; Appendix
60 to 62).

Attempted crosses between strain 47-465 (MAT1-1; AkuB::ptrA) and the
AAFUB69370M2a and AAFUB69370M2b (MAT 1-2) transformant strains failed
to form fruit bodies. Similarly, attempted crossing between strain 47-466 (MAT1-
2; AkuB::ptrA) and the AAFUB69370M1a and AAFUB69370M1b (MAT1-1)
transformant strains also failed to form fruit bodies, indicating that strains of the
opposite mating-type containing the wild-type form of AFUB_069370 (synonym
AFUA_4G12410) could not complement/restore the fertility of the gene deletant
strains (Figures 4-6 and 4-7; F=4.712, P=0.0006) i.e. deletion of the target
HMG gene in MAT1-1 and MAT 1-2 background blocked cleistothecial formation
indicating that a functional copy of AFUB_069370 is essential for sexual

development in both mating-type partners. However, some aggregated hyphal
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structures (that might have been an early developmental phase in formation of

cleistothecia?) were evident in these wild-type and gene knock-out strains
crosses (Figures 4-6 and 4-7). By contrast, attempted crosses between the A

AFUB 069370 in MAT1-2 and MAT1-1 strains showed no signs of sexual
development even after 8 weeks of incubation. The complementation of the
target gene restored the ability of sexual development in both mating-type
backgrounds, with no significant difference in numbers between the
complementation groups and the wild-type crossing although the
complementation strains produced less cleistothecia on average (Figures 4-6

and 4-7).
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HMG family genes in the sexual cycle of A. fumigatus.

Table 4-5 Wild-type and GM strains used to study functionality of putative

Strain Genetic information Parental strain Source
47-55 MAT1-2, wild type n/a Ireland

47-51 MAT1-1,wild type n/a Ireland

47-51-8 MAT1-1,nkuB:: ptrA 47-51 This lab
47-51-38 MAT1-1, nkuB::ptrA 47-51 This lab
47-465 MAT1-1, nkuB:: ptrA 47-51-8X 47-55 This lab
47-466 MAT1-2, nkuB::ptrA 47-51-38X 47-55 This lab
AFUB69370M1a MAT1-1 kuB-, AFUB069370::hph 47-465 This lab
AFUB69370M1b MAT1-1,kuB-, AFUB069370::hph 47-465 This lab
AFUB69370M2a MAT1-2, kuB-, AFUA_4G12410::hph 47-466 This lab
AFUB69370M2b MAT1-2, kuB-, AFUA_4G12410::hph 47-466 This lab
AFUB69370M1C MAT1-1, kuB-, hph::AFUB069370, ble+ AFUB69370M1a This lab
AFUB69370M2C MAT1-2, kuB-, hph::AFUA_4G12410,ble+ AFUBB9370M2a This lab
AFUB42900a MAT1-1 kuB- AFUB042900::hph 47-465 This lab
AFUB42900b MAT1-1 kuB-, AFUB042900::hph 47-465 This lab
AFUA3G06170a MAT1-2 kuB- AFUA_3G06170::hph 47-466 This lab
AFUA3G06170b MAT1-2 kuB- AFUA_3G06170::hph 47-466 This lab
AFUB67900M1a MAT1-1 kuB-, AFUB067900::hph 47-465 This lab
AFUB67900M1b MAT1-1 kuB- AFUB067900::hph 47-465 This lab
AFUB67900M1a MAT1-2 kuB- AFUA_4G10820::hph 47-466 This lab
AFUB67900M2b MAT1-2 kuB- AFUA_4G10820::hph 47-466 This lab
AFUB37560M1a MAT1-1 kuB- AFUB037560::hph 47-465 This lab
AFUB37560M1b MAT1-1,kuB- AFUB037560::hph 47-465 This lab
AFUB37560M2a MAT1-2 kuB- AFUA_3G11610::hph 47-466 This lab
AFUB37560M2b MAT1-2 kuB- AFUA_3G11610::hph 47-466 This lab
AFUB04890M1a MAT1-1,kuB- AFUB004830::hph 47-465 This lab
AFUB04890M1b MAT1-1 kuB- AFUB004890::hph 47-465 This lab
AFUB04890M2a MAT1-2 kuB- AFUA_1G04550:-hph 47-466 This lab
AFUB04890M2b MAT1-2 kuB- AFUA_1G04550::hph 47-466 This lab
AFUB09460M1a MAT1-1 kuB-, AFUB009460::hph 47-465 This lab
AFUB09460M1b MAT1-1,kuB- AFUB009460::hph 47-465 This lab
AFUB09460M2a MAT1-2 kuB- AFUA_1G10040::hph 47-466 This lab
AFUB09460M2b MAT1-2 kuB- AFUA_1G10040::hph 47-466 This lab
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AAFUBO 47-465 XAAFUB69370M2a

AFUB069370M1C X 47-466 47-465X AFUB69370M2C AFUB069370M1CX M2C

Figure 4-6 Images of crosses to determine impact of gene deletion of
AFUB_069370 on sexual development in A. fumigatus. Compared to wild-
type control strains, crossing of AAFUB_069370 with the opposite mating-types
showed defects in fruit body development. See description under each figure
for specific cross. Blue arrow indicates cleistothecia, yellow arrow indicates
aggregated hyphal structure. Red scale bar indicates 80 ym.
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Figure 4-7 Results of crosses to determine impact of gene deletion of
AFUB_069370 on sexual development in A. fumigatus [F (9, 30)=4.712,
p<0.005]. As compared to the wild-type control crossing and AFUB_069370
complement strain crossing, AAFUB_069370 exhibited a block in cleistothecia
formation. See description on x axis for specific cross. Data shows average
number of cleistothecia formed per 9 cm diameter Petri dish (four replicates)
+SEM. The dots represent replicates of each group.

4.3.3.2 AFUB_067900 is required for fruit body formation in A. fumigatus

The A. fumigatus gene AFUB_067900 (synonym AFUA 4G 10820 in Af293
strain) was identified as the homolog of A. nidulans AN1962, showing 87%
identity with an E-value of 9.4e'%° to AN7962, and shows 71.2 % identify with
E-value of 1.3e*! to PaHMG8 (PDDNAS_6_4110) in Panserina (Table 4-4;
Appendix 50). AN1962 is 2,028 bp in length and encodes a putative 675 amino
acid protein containing the conserved HMG box at residue position from 96 to
171. By comparison, AFUB_067900 is 2,067 bp, and encodes a putative 688
amino acid protein that includes the HMG box domain at residue position from
142 to 210 aa.
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Two AFUB_067900 knock-out strains AAFUB67900M1a (MAT1-1) and
AAFUB67900M1b (MAT1-1), and two deletant strains AAFUBG67900M2a
(MAT1-2) and AAFUG67900M2b (MAT1-2), and were selected and correct
integration of the transforming DNA was confirmed by diagnostic PCR (Table
4-5; Appendix 49 to 55). Deletion of AFUB 067900 (synonym
AFUB_4G10820) in both the MAT1-1 and MAT 1-2 background strains resulted
in the absence of fruit body development, although hyphal aggregations were
evident on crossing plates with MAT1-2 and MAT1-1 crossing partners,
respectively, containing the wild-type AFUB_067900 gene i.e. a functional copy
of AFUB_067900 was required in both mating-type partners for sexual
development to occur. There was also no evidence of fruit body development
in the double gene deletion AAFUB67900M1 x AAFUB67900M2 crosses,
although hyphal aggregations were again evident (Figures 4-8 and 4-9;
Appendix 56 to 57).

Unfortunately, there was insufficient time for gene complementation of the

AAFUB67900M1 and AAFUB67900M2 strains.

. it :
AAFUB42900b X 47-466 47-465 X AAFUA3G06170b

Figure 4-8 Images of crosses to determine impact of gene deletion of
AFUB_067900 on sexual development in A. fumigatus. See description
under each figure for specific cross. Compared to the wild-type cross 47-465 X
47-466, AAFUB_067900 strains formed aggregated hyphal structures instead
of mature cleistothecia. Blue arrow indicates cleistothecia, yellow arrow
indicates aggregated hyphal structures. Red scale bar indicates 80 ym.
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Figure 4-9 Results of crosses to determine impact of gene deletion of
AFUB_067900, AFUB_042900, and AFUA_3G06170 on sexual
development in A. fumigatus [F (10, 33) =3.225, p<0.0001]. Deletion of
AFUB_067900, AFUB_042900, and AFUA _3G06170 caused a block in
cleistothecia formation as compared to the wild-type control cross. See
description on x axis for specific cross. Data shows average number of
cleistothecia formed per 9 cm diameter Petri dish (four replicates) £+ SEM. The
dots represent replicates of each group.

4.3.3.3 Other HMG genes impacting on fruit body formation in A.

fumigatus

AFUB_042900 was identified as the homolog of A. nidulans AN2755
showing 68.3 % identity with an E-value of 4.6e74, and AFUB_042900 was
1,107 bp in length and encoded 368 amino acid protein including the mating-
tpye protein MATa-1 domain at residue position from 84-139 (Table 4-4).
AFUA_3G06170 was identified as putative MAT1-2-1 gene as the homolog of
AN4734 sharing 55.7 % identify with an E-value of 5.8e"®and AFUA_3G06170
(696 bp in length) encoded 322 amino acid protein including the HMG-box

domain at residue position from 126 to 194 aa (Table 4-4).

127



Gene deletion of the putative mating type genes AFUB_042900 and
AFUA_3G06170 demonstrated that both genes are essential for sexual
development. Both MAT1-1 gene deletion strains AFUB42900a and
AFUB42900b failed to form cleistothecia with a MAT1-2 wild-type partner, and
similarly both MAT7-2 gene deletion strains AFUA3G06170a and
AFUA3G06170b failed to form cleistothecia with a MAT1-1 wild-type partner
(Figure 4-8 and 4-9).

AFUB_037560 (synonym AFUA_3G 11610 in Af293 strain) was identified as
a homolog of A. nidulans AN2885 sharing 94.1 % identity with E-value of 6.9¢"
36 and shared 82.7% identify E-value of 1.3e™*"to PaHMG6 (PODAN_1_14230)
in P. anserina ( Table 4-4; Appendix 51). AN2885 was 321 bp in length and
encodes a putative 106 amino acid protein, while by comparison AUFB_037560,
a putative nucleosome binding protein, was 315 bp in length and encoded a
putative 104 amino acid protein with an HMB box at residue positions 25 to 93.
Deletion of the gene AFUB_037560 was also found to possibly impact on
cleistothecia formation, although the precise effect varied according to the
particular transformant used for crossing. The gene deletion strain
AFUB37560M1a (MAT1-1 background; Table 4-5) produced a greatly reduced
number of cleistothecia in crosses with a wild-type partner [F (6,35)=3.889;
p=0.0044] (Figures 4-10 and 4-11). However, a second supposedly similar
gene deletion strain AFUB37560M1b (also MAT1-1 background; Table 4-5) did
not show any significant decrease in cleistothecial formation (Figure 4-11).
When AFUB_037560 was deleted in the MAT 1-2 background, crosses between
the two gene deletion strains AFUB37560M2a and AFUB37560M2b with a wild-
type partner produced similar numbers of cleistothecia as seen in wild-type
crosses (Figure 4-11). Finallyy, when AFUB37560M2a was crossed with
AFUB37560M2a then a much reduced number of cleistothecia were produced,

although crosses between AFUB37560M1b and AFUB37560M2b did not
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shown any such effect (Figure 4-11; Appendix 56 to 57). Thus, results with

gene AFUB_037560 were overall inconclusive.

Figure 4-10 Images of crosses to determine impact of gene deletion of
AFUB_037560 on sexual development in A. fumigatus. See description
under each figure for specific cross. Blue arrow indicates cleistothecia, yellow
arrow indicates aggregated hyphal structures. Red scale bar indicates 80 um.
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Figure 4-11 Results of crosses to determine impact of gene deletion of
AFUB_037560 on sexual development in A. fumigatus [F (6,35)= 3.889,
p=0.0044]. See description on x axis for specific cross. Data shows average
number of cleistothecia formed per 9 cm diameter Petri dish (four replicates) +
SEM. The dots represent replicates of each group.
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AFUB_009460 (synonym AFUA_1G10040 in Af293) was identified as a
homolog of A. nidulans AN1267 with 48.4% identity (E-value: 7.2e%°) and was
1,200 bp in length and encoded a putative 399 amino acid protein with an HMB
box at residue positon from 317 to 383 aa (Table 4-4; Appendix 53).
AFUB_009460 shared 32.1 % identify to PaHMG2 (PODANS_1_7390) with e-
value 0.0071. AFUB_004890 (synonym AFUA_1G04550 in Af293) was
identified as a homolog of A. nidulans AN10103 with 79.6% identity and an E-
value of 9.2e™°, and was 930 bp in length encoding a putative 309 amino acid
protein with an HMB box at residue position from 108 to 177. AFUB_004890
shared 51. 3 % idenitity to PaHMG4 (PODANS_1_11050) with an E-value 1.8e
7 (Table 4-4; Appendix 52). Deletion of AFUB_009460 and AFUB_004890
(Table 4-4), did not show any clear effect on fruit body formation in A. fumigatus,
whether crosses were made to wild type or gene deletant crossing partners [F

(12,39)= 3.022, p=0.0044] (Figures 4-12 and 4-13; Appendix 56 to 57).

47-465 X47 -466 AAFUB04890M1a X 47-466 4

\ ¥

Figure 4-12 Images of crosses to determine impact of gene deletion of
AFUB_004890 and AFUB_009460 on sexual development in A. fumigatus.
See description under each figure for specific cross. Blue arrow indicates
cleistothecia. Red scale bar indicates 80 um.
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Figure 4-13 Results of crosses to determine impact of gene deletion of
AFUB_004890 and AFUB_009460 on sexual development in A. fumigatus.
See description on x axis for specific cross. Data shows average number of
cleistothecia formed per 9 cm diameter Petri dish (four replicates) £+ SEM. The
dots represent replicates of each group. Data was analyzed via ANOVA,
showing a significant variation in number of cleistothecia formed in different
crosses [F (12, 39) =3.022 and p=0.0044].

4.4 Discussion

The discovery of a sexual reproduction in A. fumigatus has opened up the
possibility of undertaking methods of classical genetic analysis that rely on the
presence of a sexual cycle (O’Gorman et al., 2009). The ability to induce sexual
reproduction under controlled laboratory conditions also means that the species
can now be used as a model for the aspergilli to study genetic factors controlling
sexual reproduction in a heterothallic species, whereas most previous work has

been based on research on the homothallic species A. nidulans (Todd et al.,
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2007; Dyer and O’Gorman, 2012). Work in the present chapter combined
genetic manipulation work and sexual crossing to gain various insights into

genes effecting sexual reproduction in A. fumigatus.

4.41. NsdC is an essential element for fruit body development of A.

fumigatus

The nsdC gene is so named for its function in sexual development because
gene mutation causes never any sexual development (Kim et al., 2009). The
nsdC gene has been studied in depth in A. nidulans, where it was found to
encode a C2H2 type zinc-finger protein (Kim et al., 2009). Two different size
mMRNA transcripts were detected, with a 2.6 kb mRNA playing an essential role
as a promoter of sexual development and repressor of asexual development
(Kim et al., 2009). In work described in the present chapter it was found that
deletion of nsdC in both mating partners blocked the formation of cleistothecia
in A. fumigatus i.e. exhibiting a similar function as nsdC in A. nidulans. In other
work, Cary et al. (2012) reported that mutation of nsdC in A. flavus led to a
failure in sclerotia production. Taken together, these results indicate that nsdC
has a conserved role in sexual development for both homothallic (A. nidulans)
and heterothallic (A. fumigatus, A. flavus) Aspergillus species. It has recently
become apparent that nsdC also has more broad roles other than simply the
regulation of sexual development, with the gene also having a role in
maintaining hyphal growth, as for both A. nidulans and A. fumigatus the
vegetative growth rate was decreased in deletion mutants compared to wild-
type strains (Kim et al. 2009; Castro et al., 2021). In addition, other functions of
nsdC are control of cell wall structure and cell wall and calcium stress response
in A. fumigatus (Castro et al., 2021), and regulation of secondary metabolite

synthesis in A. flavus (Cary et al., 2012).
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One particularly interesting finding from the present studies into nsdC was
that it was found to be necessary to knock-out the gene in both MAT1-1 and

MAT1-2 mating partners before a significant impact on sexual development was
apparent. Thus, when AnsdC strains (in a MAT1-1 47-51 strain background)
were first crossed to wild-type (47-55; MAT1-2) strains, cleistothecia with viable
ascospores produced, and it was only when bothAnsdC MAT1-2 and AnsdC

MAT1-1 strains were crossed that sexual development was abolished. This
indicated that the function of nsdC in the mutant strains could be complemented
by the presence of a wild-type allele in the mating partner, which presumably
donated a functional protein. This was very useful to know for the subsequent
analysis of HMG gene function. This was also a significant finding as most work
on genes involved in sexual regulation in the aspergilli have been conducted

with the homothallic species A. nidulans where the heterothallic mating aspect
would be overlooked. As a result of this finding, high fertility AkuB strains

were constructed in both MAT1-1 (47-465) and MAT1-2 (47-466) backgrounds

before gene knock out experiments with putative HMG genes was performed.

4.4.2. A network of high mobility group (HMG) genes govern fruit body

development of A. fumigatus

High mobility group (HMG) proteins, defined by the presence of a core ca.
79 amino acid domain, have been shown to regulate a wide range of
developmental processes in eukaryotic organisms (Stros et al., 2007). In the
case of the fungal kingdom, HMG genes are best known for their role as
ancestral genes with an essential role in the determination of sexual identity
(ldnurm et al., 2008; Dyer and O’Gorman 2012). For example, in the aspergilli
two complementary members of the HMG family have been identified, namely

the MATA _HMG and MATa_HMG families (Ildnurm et al., 2008; Martin et al.,
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2010; Dyer and O’Gorman, 2012). Genes from these families have been shown
to be necessary for determination of mating-type identity and are required for
sexual reproduction in the aspergilli (Paolettii et al., 2007; Dyer and O’Gorman,
2012). Such MAT1-1 and MAT1-2 genes have been identified in humerous
Aspergillus species (Paoletti et al., 2005; Wada et al., 2012; de Vries et al.,
2017). However, other members of the HMG family present in the genome have
been less well studied.

In pioneering studies, Salih (2016) identified ten putative HMG genes in
the genome of A. nidulans by BLASTP searching using sequences from both
A. nidulans and P. anserina HMG core proteins. These genes were then deleted
via GM approaches to functionally characterize the putative HMG genes and
determine if they had any role in sexual development of the homothallic A.
nidulans. Besides, the MAT1 (AN2655) and MAT2 (AN4734) HMG genes,
which had already been characterized (Paoletti et al., 2005; Paoletti et al., 2007;
Pyrzak et al., 2008), four additional HMG genes were found to be important for
sexual development in A. nidulans although other putative HMG genes had no
obvious role. Using this data, seven putative HMG genes were identified in A.
fumigatus in the present study and tested for any possible role in cleistothecial
formation. This work identified a network of genes involved in sexual

development of A. fumigatus as will now be described (Table 4-6).
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Table 4-6 Phenotypes of HMG gene deletion strains in A. fumigatus

Cleistothecia formation
Ge_ne . Ge_ne . Gene deletion
deletionin deletionin
Strain MAT1-1 MAT12 MMAT1-1X
MAT1-2
background background background
XWT XWT
AFUB 069370 - - -
AFUB_ 067900 - - -
AFUB 042900 - N/A N/A
AFUA 3G06170 N/A - N/A
AFUB_037560 + + +
AFUB_ 009460 + + +
AFUB 004890 + + +

+ indicates the present of cleistothecia; - indicates the absence of
cleistothecia

4.4.2.1 The AFUB_069370 gene represents a functionally conserved gene

required for sexual development in Ascomycota species

Deletion of AFUB_069370 in both the MAT1-2 and MAT1-1 background
strains resulted in a block in the development of cleistothecia whether the
knock-out strains were out-crossed to wild-type or gene deletant strains i.e.
unlike the previous finding for nsdC, the presence of a functional copy of the
gene in one mating partner could not compensate for the deleted gene in the
other mating partner. The deletion of the homologous AN3667 gene in A.
nidulans was also found to lead to a block in formation of cleistothecia, the three
A03667.1 transformants strains studied being sterile (Ashour, 2014).

Interestingly though, these A. nidulans knockout strains instead showed prolific
production of Hulle cells, and similarly the2aAFUB_069370 A. fumigatus strains
formed hyphal aggregates when the gene deletion strains were crossed with

the wild-type, suggesting that AFUB_069370 acts at an early point in sexual
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morphogenesis. Homologs of AFUB_069370 in other Ascomycota species
have also been shown to be responsible for sexual development as well. In N.
crassa, the homolog fmf-1 is required for differentiation of sexual structures,
and in Schizosaccharomyces pombe the homolog ste77 is involved with
nutrient stress and activation of the sexual cycle.

Meanwhile, in P. anserina PaHMGS, which is a homolog of AFUB_069370,
was reported to be the central regulator that controlled mating (Figure 4-2).
Deletion of PaHMGS5, a MATA-HMG family member, blocked the fertility of both
male and female strains, which led to no fruit bodies being formed (Benkhali et
al., 2013). However, overexpression of the PaHMGS did not promote the
production of perithecia (the fruit bodies of P. anserina) (Benkhali et al., 2013).
Similarly, overexpression of AN3667 in A. nidulans did not promote sexual
development but caused an abolishment of cleistothecia similar to that seen in
the gene deletion stains (Salih, 2016). After 10 days of incubation, the gene
overexpression strains only formed a very small colony when comparing to the
parental strain (Salih, 2016). It was hypothesized that the overexpression of
AN3667 might have resulted in a decreased vegetative growth rate under these
conditions (Salih, 2016). An inhibition of vegetative growth rate was also
observed following overexpression of the HMG MAT1 and MAT2 genes in A.
nidulans (Paoletti et al., 2007). It was hoped to overexpress AFUB_069370 in
the present study, but due to time limitations this was not possible.

Regarding the position of PaHMGS in the regulatory network for sex,
Benkhali et al. (2013) provided evidence that PaHMGS acts upstream of the
mating-type genes fmr1 and fpr1, which indicates a very important role of this
HMG genes in sexual development (Figure 4-2). PaHMG5 was found to
regulate the expression of other HMG genes including PaHMG6, PaHMGS,
KEF1 and mtHMG1, which are all genes relating to sexual development

(Benkhali et al., 2013). End-point RNA expression studies in A. nidulans also
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showed that AN3667 might be a regulator of the MAT1 and MATZ2 genes in this
species (Figure 4-14; Salih, 2016). Taken as a whole, the similar function of
AFUB 069370, AN3667 and PaHMGS5 and other homologs indicates a
conserved central role of this HMG domain protein in Ascomycota sexual

development.
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Figure 4-14 Schematic diagram showing the genetic interaction of some
HMG genes that regulate mating in A. nidulans (Salih, 2016). The red arrows
indicate that the genes were induced while the green arrows indicate a
suppressive effect of the genes. Numbers represent the fold change in gene
transcript level in the mutant strains relative to the parental strain.

4.4.2.2 AFUB_067900 is a functionally conserved gene required for sexual

development in Ascomycota species

Deletion of AFUB_067900 in A. fumigatus led to a loss of cleistothecial
formation, and the function of AFUB_067900 could not be complemented by
crossing to a wild-type parent unlike the situation with nsdC (Section 4.3.1).
Deletion of the homolog AN1962 in A. nidulans also caused abnormal
development of cleistothecia. However, deletion of this gene did not result in a
complete loss of fertility; instead, there was a drastic decrease in the number

of cleistothecia formed, which were larger in size compared to the parental
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strain (Salih, 2016) i.e. a less severe phenotype than was observed in A.
fumigtaus. Similar to AN3667 in A. nidulans, the over-expression of AN1962
caused a reduction in the number of cleistothecia number, but a promotion of
cleistothecia diameter (Salih, 2016). Further RNA analysis by Salih (2016)
indicated that AN1962 might be a bi-functional regulator of sexual development
in an upstream position, thereby controlling the expression of MAT1 and MAT2
downstream (Figure 4.14; Salih, 2016). Deletion of another homolog PaHMGS8

caused sterile in female strain in P.anserina, and no fruit body was observed in
A PaHMGS8 crossing plates, and PaHMGS8 regulates mating-type genes

expression (Benkhali et al, 2013). Taken as a whole, these results indicate that
AFUB_067900 homologs have a conserved function in fruit body development
of filamentous fungi, acting at an upstream position. Due to time limitation, the
overexpression of AFUB_067900 (AFUA 4G10820) was not attempted in the

present study.

4.4.2.3 Deletion of mating-type genes AFUB_042900 and AFUA_3G06170

affects fruit body development

It had previously been established that mating-type (MAT) genes are
essential for fruit body formation and ascosporogenesis in the homothallic
species A. nidulans (Miller et al., 2005; Paoletii et al., 2007; Salih 2016).
Similarly, the deletion of MAT genes was also found to completely block
cleistothecial formation in A. fumigatus in the present study. Deletion of
AFUB_ 042900 led to defects in cleistothecia formation, whilst the
AFUA 3G06170 deletant strains also failed to form fruit bodies. Mating-type
genes have also been shown to be required for sexual reproduction in many
other pezizomycete species e.g. Neurospora crassa and P. anserina (Kim et
al.,, 2012; Grognet et al., 2014). Thus, HMG family mating-type genes are

conserved functionally and/or structurally in filamentous fungi. For example,
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Pyrzak et al. (2008) replaced the MAT2 (AN4734) of A. nidulans with MAT1-2
from A. fumigatus, and found that the heterologous expression of MAT1-2 was
able to restore fruit body formation in A. nidulans. In a similar fashion, the HMG
mating-type genes of N. crass and P. anserina are functionally conserved as
shown by the finding that the transformations of mat-a and mat-Al genes of N.
crassa into sterile null mat strain of P. anserina were able to complement the

fertilization process, although ascospore failed to form (Arnaise et al., 1993).

4.4.2.4 Other HMG genes may have a species or MAT-specific influence

on fruit body formation

Although the impact of deletion of AFUA_ 037560 of A. fumigatus was
overall inconclusive, there was nevertheless some indication that gene deletion
(strain AFUB37560M1a) specifically in the MAT1-1 background could cause a
reduction in number of cleistothecia produced. This phenotype resembles
studies with Pa_ HMG6 of P. anserina in which gene deletion caused a
remarkable reduction in female fertility, with a 50-fold decrease in perithecial
formation as compared to the wild-type strain, and with production of a larger
modified perithecial neck, whereas a male mutant strain was still fertile
(Benkhali et al., 2013). The homolog AN2885 gene also belongs to the HMG-B
family, and the deletion of this gene in A. nidulans resulted in reduced fertility
compared to the parental strain with a reduction in the number of cleistothecia
formed but with those cleistothecia, which were produced having a significantly
larger diameter (Salih, 2016). Thus, in contrast to P. anserina and A. nidulans,
there might be genes having a different influence according to the mating type
genetic background in heterothallic species such as A. fumigatus. However,
there was inconsistenty in results concerning deletion of AFUA_ 037560 in A.
fumigatus. For example, strain AFUB37560M1b did not show the phenotype of
reduced fertility in the MAT1-1 background seen in AFUB37560Mla. The
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reasons why were unclear, but might be caused by factors such as growth rate
differences or incorrect deletion of the gene.

In contrast to other HMG genes, the deletion of AFUB_ 004890 and
AFUB_009460 had no obvious effect of sexual reproduction in A. fumigatus, all
deletion strains producing cleistothecia similar to those produced by the
parental strain. Similar to AN70703 in A. nidualns and PaHMG4 in P. anserina,
AFUB_004890 did not affect cleistothecia formation in A. fumigatus. AN10103
from A. nidulans is not involved in sexual development, and the deletion strains
were able to form cleistothecia (Salih, 2016). AN70703 (HmbC) is homologous
to S. cerevisae Hmo1 and S. pombe Sp-Hmo1, and belongs to the same clade
as Pa_HMG4 of P. ansinera (Benkhali et al. 2013; Karacsony et al., 2014, Salih,
2016). Mutant strains of Pa_ HMG4 are male and female fertile and develop
normal perithecia (Benkhali et al., 2013). Mutant strains of S. cerevisae Hmo1
are characterized by decreased growth rate and other growth defects but show
normal sporulation (Lu et al., 1996). Thus, the function of these genes might be
specific to each species in terms of development or even in other cellular
processes. Similar with PaHMGZ2 in P. anserina (Benkhali et al., 2013),
AFUB_009460 was found not to have a role in sexual development of A.
fumigatus. AFUB_009460 is the homolog AN1267 which influences number of
cleistothecia in A. nidulans (Salih, 2016). AN1267 belongs to the mitochondrial
HMGB family, and genes from this family have diverse functions including
regulating germination of sexual and asexual spores, mitochondrial DNA
replication, protecting cells from reactive oxygen species (ROS), and
sterigmatocystin production in veA71 background strains (Salih, 2016;
Karacsony et al., 2014, 2015). Therefore, AFUB_009460 in A. fumigatus. might

have functions in the cell other than sexual development.
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4.4.3. Closing remarks

By way of conclusion, experimental work in this chapter demonstrated that
HMG genes in the genome other than simply the well-known MAT genes are
also required for sexual development of A. fumigatus. Indeed, based on
previous work in A. nidulans (Salih, 2016) and P. anserina (Benkhali et al. 2013)
these HMG genes are likely to form a regulatory network, and it would be
interesting future work to see if the same ‘circuitry’ is evident as in A. nidulans
and P. anserina.

It is noted again that for all genes under investigation, the approach used
was to compare sexual fertility between control and gene deletion strains in
terms of number of cleistothecia formed, number of ascospores formed, and
the viability of ascsopores. There were no apparent major growth rate
differences between most of the control and gene deletion strains. However,
this was not formally investigated and so it is acknowledged that slight
reductions in growth in gene deletion strains might have partly been responsible
for any observed decrease in sexual fertility.

Finally, it is noted that one side benefit of the present work was the
construction of high fertility AkuB MAT1-1 and AkuB MAT1-2 strains of A.

fumigatus that are anticipated to be of use in future mating studies with A.

fumigatus and to the community in general.
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Chapter 5 The effects of HMG genes on secondary

metabolism

5.1 Introduction

Fungal secondary metabolites (SMs) have roles in fungi relating to aspects
of their biology such as defense against other microbes, response to
environmental stressors, virulence and ability to cause disease, and asexual
and sexual reproduction (Lim et al., 2012). Hence many fungal SMs show
biological activity and as such have impacted on human life in the areas of crop,
food and health. Taking Aspergillus species as an example, aflatoxins produced
by A. flavus and sterigmatocystin synthesised by A. nidulans are associated
with virulence towards plants (Musungu et al., 2016; Tsitsigiannis et al., 2006).
A. fumigatus produces abundant SMs including gliotoxin, helvolic acid,
fumagillin, pseurotin, fumigatin, trypacidin, melanin, fumigaclavin and others,
which may enhance pathogenicity of the species (Cramer et al., 2009; Frisvad
et al., 2009). Gliotoxin, one key secondary metabolite produced by A. fumigatus,
targets neutrophils or other phagocytes that promote invasion by inducing
apoptosis of these cells, and higher levels of gliotoxin are associated with
higher virulence (Orciuolo et al., 2007; Spikes et al., 2008). The presence of
bacteria can also increase gliotoxin production by A. fumigatus (Comera et al.,
2007; Svahan et al, 2014). Pseurotin A represses production of
immunoglouline E, but on the other hand, it has an antibacterial function and
inhibits loss of bone mass by reducing reactive oxygen species (ROS) levels in
bone (Chen et al., 2019; Ishikawa et al., 2009; Mehedi et al., 2010).

Production of these natural compounds normally arises from so-called
secondary metabolite gene clusters containing backbone biosynthetic genes,

precursor modifying genes, and cluster-specific modifying genes amongst
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others such as possible transport protein encoding genes (Lim et al., 2012).
Some regulators of SM production have been identified. For example, the LaeA,
nuclear methyltransferase, is a regulator of widespread SM production in the
Ascomycota. The biosynthesis of sterigmytocystin in A. nidulans, penicillin in
Penicillium spp., gliotoxin in A. fumigatus, and aflatoxins in A. oryzae are all
regulated by LaeA (Bayram et al., 2008; Ben-Amiet al., 2009; Bok and Nancy,
2004; Kale et al, 2008; Kosalkova et al., 2009). Regarding gliotoxin synthesis
in A. fumigatus, a C2H2 type transcription factor gipA (gliotoxin inducing protein
A) has been shown to induce the expression of gliotoxin cluster genes such as
gliA, gliZ, gliP and gliT, due to the ability of GipA to bind to multiple sites in the

gliotoxin cluster (Schoberle et al., 2014).

5.1.1 Fungal secondary metabolites and developmental processes

There is accumulating evidence to suggest that fungal secondary
metabolism and developmental processes such as asexual and sexual
sporulation may be correlated with each other (Section 1.4). Gliotoxin
biosynthesis in A. fumigatus is regulated by the gliotoxin biosynthetic cluster,
which contains 13 genes, and the expression of some genes is correlated with
asexual development (Shin et al.,, 2015). For example, deletion of the
conidiation related genes abaA and brlA reduced expression of the gliotoxin
detoxifying gene gliT which protects strains from exogenous gliotoxin, and
these conidiation related genes down-regulate gliM expression which is
involved in gliotoxin production (Shin et al., 2015). Elsewhere, the ppo genes
that produce oxylipins which promote cleistothecial formation in A. nidulans
have also been shown to influence sterigmatoxystion (ST) and penicillin (PN)
synthesis in A. nidulans, with the deletion of ppo genes repressing ST
production but promoting PN synthesis (Tsitsigiannis et al., 2006; Tsitsigiannis
and Keller, 2006). SM genes may also have a role in sexual morphogenesis in
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fungi as well. PaAfIR is an ST specific regulatory gene in P. anserina. Over-
expression of PaAlfR was found to increase ST production but cause sterility in
mat- strains of P. anserina (Shen et al., 2019). The overexpression of another
SM related gene PaStcA, the core ST polyketide synthetase gene, led to a

sterile phenotype and promoted ST synthesis (Shen et al., 2019).

5.1.2 Aims of chapter

A recent study in A. fumigatus revealed that biosynthesis of fumagillin, a
mycotoxin which reduces macrophage activity, is influenced by mating-type
(MAT) genes (Yu et al., 2018). Over-expression of MAT1-1 and MAT1-2
suppressed fungal growth, but production of fumagillin and expression of the
biosynthesis relating genes laeA, fapR and fmaA were increased (Yu et al.,
2018). However, the extent to which high mobility group (HMG) genes might
impact on fungal secondary metabolism in more general is unknown. In
previous work in the present study seven putative HMG genes were identified
from A. fumigatus, and four of these genes were shown to be necessary for fruit
body formation. Therefore the aim of work in this chapter was to determine if
these HMG genes had any dual role both in secondary metabolites synthesis
and sexual development. Production of key mycotoxins including helvolic acid,
gliotoxin, pseurotin A and fumagillin was examined in HMG deletion strains of
both MAT1-1 and MAT1-2 genetic background to assess any potential role of

the HMG genes in mycotoxin secondary metabolism.
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5.2 Materials and Methods

5.2.1 Materials

5.2.1.1Strains

A. fumigatus strains 47-465, 47-466, AFUB69370M1a, AFUB69370M1b,
AFUB69370M1C, AFUB69370M2a, AFUB69370M2b, AFUB69370M2C,
AFUB67900M1a, AFUB67900M1b AFUB67900M2a, AFUB67900M2b
AFUB42900a, AFUB42900b, AFUA3G06170a, AFUA3G06170Db,
AFUB37560Ml1a, AFUB37560M1b, AFUB37560M2a, AFUB37560M2b,
AFUB04890M1la, AFUB04890M1b, AFUBO04890M2a, AFUB04890M2Db,
AFUB09460M1a, AFUB09460M1b, AFUB09460M2a, AFUB09460M2b were

utilized to investigate the production of mycotoxins (Table 4-6).

5.2.1.2 Media

To induce production of pseurotin A, gliotoxin, fumagillin, and helvolic acid ,

the following media are used.
MEA
MEA was prepared by dissolving the following components: 20 g malt

extract, 1 g peptone, 20 g glucose in 1 L distilled water. The broth was adjusted

to pH 6.5 and autoclaved at 121 C for 15 mins.
Glucose Minimal Medium (GMM)
GMM was prepared by dissolving the following components: 1 mL trace

element solution (Section 2.1.1), 6 g NaNOs, 0.52 g KClI, 1.52 g KH2PO4, 0.52
g MgS04.7H20, 10 g/L glucose in 1 L distilled water. The medium was adjusted

to pH 6.5 and autoclaved at 121 C for 15 mins.

Czapek Dox Broth
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Czapek Dox Broth was prepared by dissolving the following components:
30 g sucrose, 3 g NaNOs, 1 g K2HPO4, 0.5 g MgS04.7H20, 0.5 gKCI, 0.01 g
FeS04-7H20 in 1 L distilled water. The medium was adjusted to pH7.3 and

autoclaved at 121 'C for 15 mins.

YEG medium
YEG medium was prepared by dissolving the following components: 40 g

glucose, 8 g yeast extract in 1 L distilled water. The medium was autoclaved at

121 'C for 15 mins.

5.2.2 Methods

5.2.2.1 Induction of mycotoxins

Conidial spore suspensions with a concentration of 1 X 107 spores/mL were

prepared and 1 mL of the suspension was pre-incubated in MEA for 24 hours

at 37 °C. The mycelia were harvested and transferred into 25 mL GMM in a

250 mL shake flask, and then incubated at 37 °C with shaking at 150 rpm (Yu

etal., 2018). After 6 days of incubation, 20 mL of liquid culture was extracted
with 20 mL of ethyl acetate, and the organic phase was collected. Alternatively,
the strains were inoculated in Czapek Dox broth or YEG medium by adding 1
mL of a conidial spore suspension of concentration 1 X 10" spores/mL for 7
days.

The incubated solution was filtered through a sterile funnel with one layer
of Miracloth to separate the mycelia and broth. The broth (approx. 20 mL) was
collected in 250 mL bottle and was adjusted to pH=2 with 6 M HCI to protonate
any acidic mycotoxin for better extraction, and then 20 mL fresh ethyl acetate
was added to extract the mycotoxin. The ethyl acetate layer was harvested into
the 250 mL bulb breaker and evaporated. The residue was re-dissolved in 1 mL
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of 10 % DMSO-methanol solution according to methods described by Yu et al.

(2018).

5.2.2.2 Preparation of standard solution

Samples including helvolic acid (ApexBio, USA), gliotoxin (Sigma-Aldrich,
UK), fumagillin (ApexBio, USA), pseurotin A (Thermo, UK) were dissolved into

10 % DMSO-methanol solvent with concentration of 1 mg/mL respectively and
stored as the stock at 4 °C. The samples were diluted into 400 pug/mL, 200

pg/mL, 100 pg/mL, 50 ug/mL, 25 yg/mL, 12.5 ug/mL, 6.25 pg/mL to prepare a

calibration curve.

5.2.2.3 HPLC analysis

Extracts were analyzed by HPLC-DAD (Thermo Ultimate 3000). The
mobile phase was a combination of solvent A (H20 with 0.1% formic acid) and
solvent B (100 % acetonitrile): 0% solvent B from 0 to 5 min, 0% to 100%
solvent B from 5 min to 30 min, 100% solvent B from 30 to 35 min, 100% to 0%

solvent B from 35 to 40 min, and re-equilibration with 0% solvent B from 40 to

45 min. The flow is 0.125 ml/min. Column temperature was 20 ‘C. The UV were

254 nm and 335 nm. The HPLC column used was a reverse-phase C 18 column

(Accucore C18; length X internal diameter 150X 2.1; particle size 2.6 um).

5.3 Results

5.3.1 Validation of standard samples qualitatively and quantitatively

Standard samples were analyzed qualitatively and quantitatively (Figures
5-1 and 5-2). Pseurotin A showed a retention time of 22.520 min with UV at 254

nm. Gliotoxin showed a retention time of 23.633 min with UV at 254 nm.
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Helvolic acid showed a retention time of 30.653 min with UV at 254 nm.

Fumagillin showed a retention time of 28.500 min with UV at 335 nm. The

calibration curves for the gliotoxin, helvolic acid and pseurotin A standards

showed good linearity (R? > 0.99) in a concentration range from 400 pg/mL, to

6.25 pg/mL by double dilution, and the calibration curve of fumagillin showed a

linearity with R? = 0.9698 (Figure 5-2).
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Figure 5-1 Chromatogram of the mycotoxin standards. (A) indicates the

mycotoxin at 254 nm UV incl

uding 1 pseurotin A with retention time 22.520 min,

2 gliotoxin 23.633 min, 3 fumagillin 28.500 min and 4 helvolic acid 30.653 min.
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(B) indicates 1 fumagillin at 335 nm with retention time 28.500 min. Each
standard was detected separately to validate the retention time.
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Figure 5-2 Calibration curve of mycotoxin standards. Linear regression
equations for each chemical are listed at the upper-right side of each figure. X
indicates concentration; Y indicates UV absorbance. A represents the linear
regression of fumagillin.The concentration value of fumagillin standards were
converted into logistic data for better fit of linear regression curve. B represents
the linear regression of gliotoxin. C represents the linear regression of pseurotin
A. D represents the linear regression of helvolic acid. Each HPLC sample was
repeated with three replicates. Error bars indicate + SEM.

5.3.2 Production of mycotoxin in A HMG strains

It was first necessary to identify media that reliably induced secondary
metabolite production in the control strains. After 7 days of incubation in test
media, secondary metabolites were extracted from the broth and analyzed via
HPLC-DAD (Section 5.2.2.1; 5.2.2.3). Fumagillin and pseurotin A were

detected when strains were incubated in GMM (Figure 5-4 to 6; Figure 5-8 to
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9), and gliotoxin was detected when strains were incubated in Czapek Dox
broth (Figure 5-10 to11). However, helvolic acid was not detected via HPLC
when strains were incubated in GMM, Czapek Dox broth, MEA or YEG medium
despite these media previously being reported to induce helvolic acid

(Filtenborg et al., 1990; Yu et al., 2018; Rise et al., 2020).

5.3.2.1 Synthesis of fumagillin in control and AHMG strains

The average production of fumagillin differed between MAT1-1 and MAT1-
2 backgound strains (Figure 5-3). In the MAT1-1 background, fumagillin

production did not show a significant difference between gene deletion strains

and the wild-type, except for strain A AFUB37560M1b.  Although the

complement strain of A AFUB_0069370 showed a significant increase of

fumagillin production [F (13, 28) =16.97, P<0.0001], this was considered a
possible artefact caused by the growth difference. By contrast, strains

AFUB37560M1b produced significantly higher amounts of fumagillin [F
(13,28)=16.97, P<0.0001], whereas A AFUB37560Mla did not show

differences to the wild-type strain 47-465. Meanwhile, production of fumagillin

in the MAT1-2 background strains did not show significant differences in most
AHMG strains when compared with the wild-type controls, except that A

AFUB_009460 strains produced increased amounts of fumgagillin [F
(13,28)=16.97, P<0.0001]. Compared to the AFUB_069370 complementation
in MAT1-1 background, AFUB69370M2C recovered fumagillin production [,
F(13,28)=16.97, P=0.5705].
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Figure 5-3 Production of fumagillin in control and AHMG gene strains of
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1 background, and B indicates production of fumagillin AHMG strain in MAT1-
2 background. Dots represents the biological replicates, and error bars
represent + SEM. Data was analyzed via one-way ANOVA. **** indicates
P<0.0001
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Figure 5-4 Chromatogram of fumagillin production in control and AHMG
A. fumigatus strains of MAT1-1 background. The black line indicates the
fumagillin reference. The blue line indicates the parental strain 47-465, and the
red line indicates the HMG mutant strain sample, with respective mutant strains
indicated by label at top right hand side of graph.
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Figure 5-5 Chromatogram of fumagillin production in control andAHMG
strains with MAT1-2 background. The black line indicates fumagillin
reference. The blue line indicates the parental strain 47-466, and the red line
indicates the HMG mutant strains sample, with respective mutant strains
indicated by label at top right hand side of graph.

5.3.2.2 Synthesis of psuerotin A in control and A HMG deletion strains

Production of pseurotin A was decreased in many of the AHMG strains.
This was most prominent in the AAFUB69370 strains where deletion of
AFUB_069370 caused a significant reduction in pseurotin A levels in both
MAT1-1 and MAT1-2 background strains [Figure 5-6; F(14,30)=9.884, P<0.005
for MAT1 background; F (14, 30)=13.93, P<0.0001 for MAT1-2 background].

The complementation strains AFUB69370M1C and AFUB69370M2C produced
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a relatively higher amount of pseurotin A but did not recover production levels
to the wild-type parental levels. Pseurotin A synthesis in AAFUB67900 strains
was reduced significantly in MAT1-2 background [F (14,30)=9.884, P<0.0001].
In MAT1-1 background, AAFUB67900M1a strain decreased in pseurotin A
production significantly, while AAFUB67900M1b showed on average reduced
production [F(14,30)=9.844, p=0.2654]. Similarly, the AAFUB42900a strain
showed a significant reduction in production with a p-value of 0.0003, but
AAFUB42900b only showed decrease of synthesis on average with p-value of
0.1065, which does not support the decrease as the significant result.
AAFUA3G01670b produced significantly less pseurotin A (p<0.0001), but the
AAFUA3G06170a strain did not support the decrease significantly (P=0.1495)
even the average production was lower than the wild type. This may be caused
by variations in growth ability of strains. Deletion of AFUB_037560 caused a
reduction in synthesis of pseurotin A in the MAT1-2 background of both strains
[F (14, 30) =13.93, p<0.0001] and .In MAT1-1 background, strain
AAFUB37560M1a showed a significant reduction in pseurotin A synthesis
[F(14,30)=9.844, P<0.0005), but AAFUB37560M1b did not show any decrease
of pseurotin A production (P=0.9994). Deletion of AFUB_009460 caused a non-
significant decrease of pseurotin A production in the AAFUB09460M1a,
AAFUB09460M1b, and A AFUB09460M2a strains, but reduction of pseurotin A
production in AAFUB09460M2b was significant when compared to the wild-
type (P<0.0001). Even through the phenotype of AFUB_009460 mutant strains
produced less pseurotin A, the data did not suggest that this HMG gene is
important for pseurotin A synthesis. Deletion of AFUB_004890 did not affect

pseurotin A production in either mating-type background.
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Figure 5-6 Production of pseurotin A in control and AHMG gene strains of
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1 background, and B indicates production of pseurotin A AHMG strain in MAT1-
2 background. Dots represents the biological replicates, and error bars

represent +SEM. Data was analyzed via one-way ANOVA. *** indicates
p<0.005; **** indicates p<0.0001.
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Figure 5-7 Chromatogram of pseurotin A in control andAHMG strains with
MAT1-1 background. The black line indicates mycotoxin reference. The blue
line indicates the parental strain 47-465, and the red line indicates the HMG
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Figure 5-8 Chromatogram of pseurotin A in control and AHMG A.
fumigatus strains of MAT1-2 background. The black line indicates
mycotoxin reference. The blue line indicates the parental strain 47-465, and the
red line indicates the HMG mutant strain sample with respective mutant strains
indicated by label at top right hand side of graph. 1 pseurotin A, 2 gliotoxin, 3
fumagillin and 4 helvolic acid.

5.3.2.3 Production of giotoxin in A HMG strains

Gliotoxin synthesis was induced by incubating control and AHMG strains
in Czapek Dox medium. Production of gliotoxin did not show any significant
differences between the AHMG strains in either of the MAT1-1 or MAT1-2
backgrounds [Figure 5-9;F(13,28)=0.9948, P=0.4811 for MAT1-1 background

strains; MAT1-2 background strains: F (13, 28)=0.8835, P=0.5782 for MAT1-2
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background strains]. Strains AFUB04890Ml1a, AFUB09460M1a,
AFUB09460M2a and AFUB67900M2b produced higher amount of gliotoxin
than the wild-types, but the increase did not follow a recognizable pattern or

trend.
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Figure 5-9 Production of gliotoxin in control and AHMG gene strains of A.
fumigatus. A indicates production of gliotoxin from AHMG strains in MAT1-1
background, and B indicates production of gliotoxin from AHMG strains in
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MAT1-2 background. Dots represents the biological replicates, and error bars
represent £ SEM. Data was analyzed via one-way ANOVA, and non-significant
difference was shown between gene deletion strains and the parental strains.
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Figure 5-10 Chromatogram of gliotoxin in control andAHMG A.fumigatus
strains with MAT1-1 background. The black line indicates mycotoxin
reference. The blue line indicates the parental strain 47-465, and the red line
indicates the HMG mutant strain sample with respective mutant strains
indicated by label at top right hand side of graph. 1 pseurotin A, 2 gliotoxin, 3
fumagillin and 4 helvolic acid.
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5.4 Discussion

Genes with roles in fungal sexual development may also be involved in
secondary metabolism (Tsitsigiannis and Nancy., 2006; Bayram et al., 2008;
Yu et al., 2018; Shen et al., 2019). For example, sexual development in A.
nidulans is initiated by the VeA-VelB complex being imported into the nucleus
in the dark, where the complex binds with LaeA to promote sterigmytocystin
synthesis (Bayram et al., 2008). Under conditions suitable for asexual
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development, A. nidulans is still able to produce the mycotoxin, but production
is less than that during sexual development due to the lower level of VeA in the
nucleus (Bayram et al., 2008). In the present thesis it was previously shown
that a set of HMG transcription factor genes were present in A. fumigatus and
some (including AFUB_042900, AFUA_3G01670, AFUB_067900 and
AFUB_069370) were shown to be essential for formation of cleistothecia. We
therefore speculated that one of more of these HMG genes might have a dual
role in regulating development and secondary metabolism. Studies were
subsequently undertaken to assess the impact of gene deletion of the HMG
genes on secondary metabolite production. Although there were no
publications in this area at that point, early on during studies Yu et al. (2018)
reported that overexpression of the MAT1-1 and MAT1-2 HMG family genes in
A. fumigatus resulted in an upregulation of fumagillin and pseurotin A
production. Fumagillin and pseurotin A are commonly synthesized mycotoxins
in A. fumigatus, sharing one gene cluster with intermingling of the regulatory
genes fma-PKS, psoF, fma-KR, psoB, psoA into one super cluster (Frisvad et
al.,, 2009). Thus, our hypothesis appeared correct. Work was therefore
continued to investigate the role of the full set of HMG genes on secondary
metabolite production in A. fumigatus as will now be discussed. The general
approach used for all genes under investigation was to compare mycotoxin
productin between control and gene deletion strains. There were no apparent
major growth rate differences between most of the control and gene deletion
strains. However, this was not formally investigated and so it is acknowledged
that slight reductions in growth in gene deletion strains might have partly been
responsible for any observed differences in mycotoxin production.

It is noted that we also hoped to study the effect of HMG gene deletion on

secondary metabolite production in A nidulans, but despite concerted efforts it
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was not possible to induce sterigmatocystin synthesis in the A. nidulans 2-258

strain used elsewhere in the present study.

5.41 HMG genes influence synthesis of psuerotin A in both MAT

backgrounds

In the previous chapter, the HMG family gene AFUB_069370 was shown
to be required for normal cleistothecia formation. Synthesis of pseurotin A were
also found to be influenced by AFUB_069370 in work conducted in the present
chapter. This indicated that Pseurotin A production is positively regulated by
AFUB_069370, as deletion of the gene caused almost no production of
pseurotin A (Appendix 56 to 57). Complementation of AFUB_069370
recovered the production but not back to same level as the wild-types. The
homolog AN3667 in A. nidulans is pivotal for sexual reproduction and regulates
MAT1 and MATZ2 mating-type gene expression (Salih, 2016). Given that Yu et
al. (2018) found that the MAT genes of A. fumigatus regulated production of
pseurotin A it can be speculated that AFUB_069370 might regulate pseurotin
A production via expression of the MAT1-1 and MAT1-2 genes of A. fumigatus.
However, fumagillin synthesis was not affected by most deletion of most HMG
genes, except for AFUB_037560 deletion strain AFUB37560M1b. It is noted
that this particular AFUB37560M1b strain also did not show defects in fruit body
formation that were seen in deletant strain AFUB37560M1a (Section 4.3.3.3),
and thus it is possible that the increase in fumagillin production was caused by
some artefact such as higher growth rate or incorrect integration of transforming
DNA. Similarly, a AFUB_069370 complementation strain produced higher
amount of fumagillin, which also may be an artefact of growth rate etc.

Another HMG gene AFUB_067900 was previously identified as being
required for cleistothecia formation, and here again this gene was also shown

to be involved with the synthesis of pseurotin A in A. fumigatus. Gene deletion
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strains showed a decrease in pseurotin A production. The homolog AN1962 is
another HMG protein that was shown to influence the expression of MAT1 and
MAT2 in A. nidulans (Salih, 2016). Therefore, AFUB_067900 might regulate
pseurotin A in a similar way to AFUB_069370, which is via expression of MAT1-
1 and MAT1-2 (Yu et al., 2018).

AFUB_042900 and AFUA 3G06170 were identified as putative mating-
type genes encoding MATa domain and MAT1-2 HMG domain proteins,
respectively, which were essential for fruit body formation in A. fumigatus
(Section 4.3.3.3). Deletion of AFUB_042900 resulted in a lowered pseurotin A
production, whilst deletion of AFUA_3G06170 caused a significant reduction in
pseurotin A. This indicated that the MAT1-1 and MAT1-2 genes positively
upregulate production of pseurotin A, consistent with the findings of Yu et al.
(2018). It is noted that over-expression of MAT1-1 and MAT1-2 in A. fumigatus
was found to up-regulate expression of laeA, and fapR, and MAT1-2 over-

expression up-regulated psoP (Yu et al., 2018). For future, work, expression of
laeA and fapR might be investigated inAAFUB42900 and AAFUA3G06170

strains.

5.4.2 HMG gene influences mycotoxin metabolism differently in MAT1-1

and MAT1-2 backgrouds

Deletion AFUB_037560 caused a reduction in pseurotin A in the MAT1-2
background strains, and a similar reduction in strain AFUB37560M1a which
was in the MAT1-1 background strain. However, the deletion of AFUB_037560
only showed a reduction in cleistothecial formation in the MAT1-1 background
strain AFUB37560M1a. In the MAT1-1 background strain AFUB37560M1b did
not show any effect on pseurotin A, and there was also no clear change in fruit

body formation. Thus, it is possible that AFUB_037560 has a different influence
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on mycotoxin production based on mating-type of the host strain, although this
remains speculation due to the limited number of strains used.

Deletion of AFUB_009460 did not influence psuerotin A production in
MAT1-1 background, but showed signs of a reduction. In the MAT1-2
background, AFUB09460M2b strain produced significantly decreased
pseurotin A. However, AFUB_009460 deletion in the MAT1-2 background
caused increased production of fumagillin, while in the MAT1-1 background
fumagillin production was not influenced. Unlike other genes, AFUB_009460
was not involved in cleistothecia formation. Overall, the result suggests that
HMG genes in different mating-type backgrounds may have a different
influence on secondary metabolism in heterothallic species, but this requires
further experimental validation to ensure against artefacts such as differences

in growth rate which might affect secondary metabolite biosynthesis.

5.4.3 HMG genes were not involved in gliotoxin production

Gliotoxin is an important mycotoxin with a possible role in the virulence of
A. fumigatus (Spike et al., 2008). Previous studies suggested a link between
asexual development and gliotoxin production (Shin et al., 2015). Subsequent
work showing links between laeA and the conidiation genes brlA, abaA and
wetA, which connected primary and secondary metabolism and production of
sulfer/methionine metabolites, aromatic amino acid metabolites, products of the
gliotoxin synthesis cluster, and DHN-melanin synthesis (Lind et al., 2018). By
contrast, synthesis of gliotoxin was not significantly affected by deletion of any
of the HMG genes studied in this project, even those related to fruit body
formation. The research suggests that gliotoxin synthesis is more likely to be
primarily correlated with asexual rather than sexual development (Bayram et
al., 2008; Ben-Amiet al., 2009; Bok and Keller.,, 2004; Kale et al., 2008;

Kosalkova et al., 2009).
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5.4.4 Conclusion

Production of fumagillin and pseurotin A was affected by deletion of the
HMG family genes AFUB_069370, AFUB_067900, AFUB_042900, and
AFUA _3G06170 to different levels, indicating a regulatory role in mycotoxin
production for these various genes. The results also hinted that HMG genes in
heterothallic species may have a different influence on secondary metabolism
according to the mating-type background of the host, although this remains
speculation. In future work it will be interesting to investigate the expression of
laeA in the HMG gene deletion strains given tha LaeA is a key factor in sexual

development and control of secondary metabolism.

165



Chapter 6 General Discussion

Sexual development of Aspergillus is regulated by various genes with roles
in different processes including sensing of environmental signals, mating, signal
transduction and fruit body maturation, and related genes (Dyer and O’Gorman,
2012). Aims of this project were: (1) to identify homologs of ‘sex’ genes in A.
nidulans and investigate their function in sexual development; (2) to identify
HMG genes in A. fumigatus following on from previous studies in A. nidulans
and investigate their function in cleistothecia formation; (3) to investigate the

role of HMG genes in secondary metabolism of A. fumigatus.
6.1 Identification of novel ‘sex’ genes in A. nidulans

The study of sexual development in A. nidulans was divided into two parts:
(1) an investigation of the optimum temperature for fruit body formation, and (2)
identification and characteristion of novel ‘sex’ genes involved in cleistothecia
formation. The sexual cycle of A. nidulans has been induced at 37 °C world-
wide since pioneering work on the species in the last century (Frawley et al.,
2018; Pontecorvo, 1951; Todd et al., 2007). However, previous research at the
University of Nottingham investigated the laboratory conditions for sex and
suggested 32 °C as a better temperature for induction of the sexual cycle in A.
nidulans (Ashour, 2014). Following on from this previous study (Ashour, 2014),
the present work tested the influence of temperature (25 °C, 28 °C, 32 °C, 37 °C)
on clestothecia formation in representative strains of A. nidulans including wild-
type, veA1 and A kuB strains, and it was found that most strains produced
more mature cleistothecia (diameter over 100 ym) at 32 °C rather than 37 °C.
Therefore, this temperature was adopted for later experimental work involving

the sexual cycle in this research.
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A. nidulans has been utilised as a model for fungal sexual development
research for a long time (Dyer and O’Gorman, 2012; Pdggeler et al, 2006).
However, there has been parallel interest in sexual development of other
pezizomycete species, with the identification of essential genes for fruit body
development in Neurospora, Sordaria and Podospora, which had not yet been
evaluated in A. nidulans. In present study, putative genes including AN2701.2
(MAPK scaffold protein), STRIPAK subunit genes (AN0163.2, AN4632.2 and
ANG6611.2), transcription factors (AN4813.2, AN1217.2, AN7170.2 and
AN7736.2), AN3147.2 (glycolipid transport protein), AN70631.2
(transmembrane protein), AN4891.2 (histone chaperone) have been
investigated. AN2701.2, also named as hamE (Frawlay et al., 2018), was found
to be essential for cleistothecia maturation in A. nidulans, as deletion caused a
significant reduction in size of cleistothecia, number of ascospores and
regeneratation rate of ascospores. AN2701.2 was identified as a scafford
protein that is associated with pheromone signaling of the AnSte11-Ste50—
Ste7-Fus3 module in sexual development of A. nidulans (Bayram et al., 2012;
Frawley et al., 2018). In this study AN2701.2 deletants were incubated on ACM,
which can be considered a rich nutrient medium, and formed numerous
immature cleistothecia (average size of 30 um; Figure 3-2B). However,
Frawley et al. (2018) incubated a AAN2701.2 deletion strain on glucose minimal
medium (GMM), and cleistothecia formation was blocked (which was also
observed in our study for GMM). Therefore, it is possible that nutrient
composition can affect the impact of AN2701.2 on sexual development.

The STRIPAK complex has been reported to be pivotal for sexual
development in Sordaria and Neurospora species as a signaling transduction
mediator, especially in the MAPK signaling pathway (Bloemendal, et al., 2012;
Kick and Stein., 2021; Simonin et al., 2010; Section 1.4.4). In this project, the
subunits AN0164.2 (PP2Ac unit SipE; Elramli et al., 2019), AN4632.2 (SLAMP

167



unit SipD; Elramli et al., 2019), and AN6611.2 (STRIP unit SipC; Elramli et al.,
2019) were investigated. Deletion of AN0O164.2 blocked fruit body development
in A. nidulans at an early stage, which was similar to PP2Ac1 in S. macrospora
(Beier et al., 2016). Deletion of AN6671.2 in this research caused a severe
defect in vegetative growth, with its homolog PRO22 in S. macrospora being
associated with the tubular and vesicular vacuolar network (Bloemendal et al.,
2010). Therefore, the defective hyphal growth here see in A.nidulans might
have been caused by a failure to maintain normal cellular functioning. Deletion
of AN4632.2 did not influence cleistothecia formation and ascospore maturation,
which was surprising as the homolog HAM-4 in N. crassa is required for
ascospore formation (Simonin et al., 2010). Other STRIPAK subunits identified
in A. nidulans include the MOB3 unit SipA, SIKE unit SipB, PP2AA unit SipF,
and Striatin unit StrA (Elramli et al., 2019; Wang et al.,2010). StrA acts as a
platform to assembly the SipA and SipB-SipD heterodimer and the SipC-SipE-
SipF heterotrimeric complex, with the fully functional AnSTRIPAK complex then
associating with MpkB signaling to enable sexual development (Elramli et al.,
2019; Jun et al., 2011).

Four transcription factors were investigated for their role in fruit body
development of A. nidulans. Of these, AN4813.2 was identified to be essential
for both sexual and asexual development. In sexual development, deletion of

AN4813.2 led to a reduction in size of cleistothecia, number of ascospores, and
ascospore viability, while in asexual development AAN4813.2 strains failed to

form conidia. The homolog mybA in A. fumigatus is involved in asexual
development via regulation of wetA, vosA and velB (Valsecchi et al., 2017). Fruit
body formation in A. nidulans is related to vosA and velB (Bayram et al., 2008;
Kim et al., 2020; Park et al., 2014), therefore, AN4813.2 may similarly regulate
expression of vosA and velB during cleistothecia formation, and control

expression of wetA in conidiation. Deletion of AN71217.2 caused a failure in
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conidiation, which is similar to Ahbx71 in A. flavus (Cary et al., 2017), but
cleistothecia formation was not affected greatly. AAN71217.2 strains formed
larger sized cleistothecia with viable ascospores, which suggests that
AN1217.2 might be a repressor of sexual development. AN7170.2 was
identified as homolog of scIR, which controls sclerotial formation in A. oryzae
(Jin et al., 2011), and deletion of AN7170.2 caused a reduction in rate of
regeneration in ascospores, but no impact on number and size of cleistothecia,
and number of ascospores. This result suggests that AN7170.2 might have
functions in A. nidulans other than fruit body formation. Meanwhile, AN7736.2
appeared not to have a role in sexual development of A. nidulans, as sexual
morphogenesis was not impacted in the gene deletion strains, unlike the
function of homolog Trire2 : 59270 in T .reesei (Linke et al., 2015).

Other genes investigated with a putative role in sex were AN3147.2,
AN10631.2 and AN4891.2. AN3147.2 was identified as a het-c2 homolog in A.
nidulans, and deletion of AN3747.2 reduced the number of ascospores. Het-c2
regulates allorecognition which is a key part in heterokayon incompatibility (Pal
et al., 2007). The het loci in A. nidulans are responsible for avoiding fusion of
dissimilar nuclei, which might be important in sexual development, and in N.
crassa tol (a divergent het locus) is associated with mating-type specific
heterokaryon incompatibility (Dyer at al., 1992; Pal et al., 2007; Shiu and Glass,
1999). Hypothetically, AN3747.2 might regulate hyphal fusion at the initial stage
of fruit body development. AN710631.2 was identified as homolog of PRO41,
which is required for an early stage of sexual development at S. macrospora
(Nowrousian et al., 2007), but here AN10631.2 was found not to be involved in
sexual development. However, further work is required to validate this result as
it might be that AN5458 is the true homolog of PRO41. AN4891.2 was identified

as a putative ASF-1 histone chaperone (Gesing et al., 2012), although it was
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not possible to obtain gene deletant strains, suggesting that AN4891.2 is pivotal
for normal cellular functioning and maintenance.

In summary, novel results from this part of the work were: (1) determination
of 32 C as the optimum temperature for inducing the sexual cycle in A.
nidulans; (2) identification of AN2701.2 (hamE), AN0164.2 (sipE), AN4632.2
(sipD), AN4813.2 and AN3147.2 as essential genes in sexual development of
A. nidulans. This allowed an updated model for sexual development to be
presented, building on the original model of Dyer and O’Gorman (2012) as

shown in Figure 6-1.

MAT1-1 PpgA PreA/GprB FadA
MAT1:2|™ [PpgB | ™ | PreB/GprA GpgA CsnA ImeB  MAT1-1
A SlaD PhnA CsnB VelC MATI-2
CsnD GibB SikiC
1 CsnE MedA FhpA
AN2701.2(hemE) [STE20 CsnG MutA CandA-N GrrA
SteC HdA GprK CandA-C TubB
PpoAl  AN0164.2(Sipe)| Ste NosA NoxA u
STE? SamB
AN4632.3(SipD)
AN6611.2(SipC)| MpkB AN4813.2 VosA
Ste50 StA
l N3147.2
SteA = UrdA

\ Developing deistothecia
‘ == CpcA b= CpcB

7
H—Z. ® ee

Light

Co,

B

NO Cloistothecial  Halle cells Mature
ntials AS00SpOres
- GprD RasA FhbA Ltc "
LsdA PhoA FhbB §r 5
SakA NrdA FbC
AA RosA FIbE
oA s ey
Vegetative hyphae

Figure 6-1 Updated model of genetic control of sexual development in A.
nidulans. The model builds on that proposed by Dyer and O’Gorman (2012)
and shows putative placement of the novel proteins involved in fruit body
formation characterised in the present study together with other novel proteins
identified since the review of Dyer and O’Gorman (2012) e.g. a MAPK
scaffolding unit AN2701.2, STRIPAK units AN0164.2, AN4632.2, and
ANG6611.2 (that are thought to associate with MAPK signal transduction that
affect cleistothecia formation) and the transcription factor AN4813.2 related to
cleistothecia development, and the glycolipid transfer protein AN3147.2
involved in ascospore maturation.
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6.2 Role of HMG genes in fruit body formation of A. fumigatus

The transcription factor NsdC has previously been identified to be essential

for sexual development of A. nidulans, and its homolog in A. fumigatus was
identified as sharing a highly conserved structure (Kim et al., 2009). Thus, A

nsdC strains in A. fumigatus were constructed and tested for their sexual fertility
in the project. Deletion of nsdC was able to be complemented by a wild-type
crossing partner during the sexual cycle, but when double deletion strains were
crossed, the crossed failed to form cleistothecia. In other Aspergillus species
such as A. flavus nsdC is a necessary element in sclerotia formation (Cary et
al., 2012). Therefore, it may be concluded that nsdC has a conserved role in
fruit body formation in Aspergillus species. In addition, for heterothallic species
it is important to complete gene deletion in both crossing partners of opposite
mating type, as it is possible that the function of deletant gene might be
complemented by the wild-type protein present in the opposite mating type
partner during crossing. Consequently, high fertility kuB deletant strains 47-465
and 47-466 had to be constructed in the present study.

Previous research had identified a series of HMG group proteins which are
important for sexual development in A. nidulans (Ashour, 2014; Salih, 2016). In
this project, homologous genes were investigated in A. fumigatus, and four of
these HMG genes were found to be essential for fruit body formation. The HMG
gene AFUB_069370 appears to have a conserved role in sexual development
in ascomycota species. Deletion of AFUB_069370 blocked cleistothecia
formation even when the gene deletant strains were crossed with a wild-type
partner. In A. nidulans, the homolog AN3667 controls sexual development
upstream of mating-type genes, and both deletion and overexpression caused
defects in cleistothecia formation (Ashour, 2014; Salih, 2016). Similarly, in P.

anserina, PaHMG5 is thought to have a central role in regulating sexual

171



development (Benkhali et al., 2013). Other homologs including fmf-1 in N.
crassa and ste11in S. pombe are also involved in sexual development (lyer et
al., 2009; Mata and Bahler, 2006; Sugimoto et al., 1991).

Deletion of AFUB_067900 caused abolishment of cleistothecia formation,
and its function could not be complemented by a wild-type crossing partner of
the opposite mating type. The A. nidulans homolog AN1962 is also critical for
sexual development as deletion and over-expression reduced cleistothecia
development, and RNA analysis indicated that AN7962 acted upstream of the
mating-type genes (Salih, 2016). Thus, hypothetically, AFUB_067900 may act
upstream of the MAT genes in A. fumigatus, but this awaits investigation.

The mating-type genes AFUB_042900 and AFUA _3G06170 were found to
be required for sexual development in A. fumigatus, which is the same as the
homologous genes AN2755 (MAT1) and AN4734 (MAT2) in A. nidulans
(Paoletti et al., 2007; Salih, 2016). Heterologous transformation of MAT7-2 from
A. fumigatus allowed formation of immature cleistothecia in a sterile AMAT2
strain of A. nidulans (Pyrazak et al., 2008). Transformation of mating-type
genes from N. crassa into MAT-deletion sterile P. anserina strains promoted the
fertilization process (Arnaise et al., 1993).

Results from the present study suggested that HMG gene may influence
fertility differently according to the mating-type background in heterothallic
species. HMG gene AFUB_037560 may affect sexual development in the
MAT1-1 background A. fumigatus more then the MAT1-2 background. Deletion
of AFUB_037560 caused reduction in fruit body formation in MAT1-1 strains,
but the deletion did not show difference to the wild-type crossing in MAT1-2
strains. In parallel, in P. anserina the HMG gene Pa_HMG6 is involved in female

rather than male fertility (Benkhali et al., 2013).
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6.3 Influence of HMG genes on secondary metabolite production

Genes involved in sexual development may have relationships with
secondary metabolism, as illustrated by findings involving /aeA (Lim et al., 2012;
Bayram et al., 2008; Ben-Ami et al., 2009; Bok and Keller., 2004; Kale et al.,
2008; Kosalkova et al., 2009). In A. fumigatus, the synthesis of the mycotoxins
gliotoxin, fumagillin, pseurotin A and helvolic acid was evaluated in HMG gene
deletion strains. AFUB_069370 affected production of pseurotin A, with gene
deletion causing a decrease in the synthesis. Similarly, deletion of
AFUB_067900 reduced the synthesis of pseurotin A. AFUB_042900 and
AFUA _3G06170 were also shown to be involved in pseurotin A production,
respectively. Deletion of AFUB 037560 caused a reduction of pseurotin A
production in MAT1-2 strains, and deletion of AFUB_009460 increased
production of fumagillin in MAT1-2 strains. The results again suggested that
HMG genes may have a different impact in isolates of different mating-type
background, although this remains speculative until tested with a larger number
of isolates.

The research focused on the connections between synthesis of mycotoxin
and sexual relating genes in A. fumigatus, for the reason that, firstly, control of
sexual reproduction or its relating genes might be a novel disease management
strategy. For example, regulation of expression in MAT genes altered
production of fumagillin and pseurotin A (Yu et al., 2018), which might change
virulence and further protect immune cells activity (Cramer et al., 2009; Frisvad
et al., 2009). In this study, it is possible to control pseurotin A synthesis via
down-regulation of AFUB_069370, AFUB_067900, AFUB_3G06170, and
AFUB_042900, which may alleviate stress of lymphocytes and interfere with
pathogen production (Ishikawa et al., 2009). Secondly, sexual cycle promotes
genetic variations among pathogen populations, and for instance the spread of

antifungal resistance gene TR46 in natural environment (Zhang et al. 2017).
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Thus, thirdly, sexual cycle may facilitate with analysis in genetic basis of
pathogenicity factors such mycotoxin synthesis and genetic mutation and its

spreading.

6.4 Future work

This study evaluated the optimum temperature for fruit body formation in
A. nidulans, but ascospore viability was not examined. Thus, as a next step,
rate of regeneration in ascospores may be tested. Several novel genes were
regarded to be important for sexual development. Of particular interest was
AN4813.2 and it is suggested to act via regulation of the genes vosA and velB,
among others but this was not tested. For future work, to illustrate the putative
regulatory function of AN4813.2 as a transcription factor, it will be worthwhile
evaluating expression of vosA and velB in AAN4813.2 strains. Elsewhere in the
present study AN1217.2 was reckoned to be a repressor of sexual development,
thus it will be very interesting to study the effect of overexpression of AN1217.2
in order to investigate the function in sexual development.

This project completed a study of the effect of HMG gene deletion in A.
fumigatus, but the effect of gene overexpression on sexual development was
not investigated. Overexpression of genes AFUB_069370 and AFUB_067900
is worthwhile doing,in order to investigate if they act upstream of the mating-
type genes and are bi-functional in sexual development. This might offer
exciting possibilities to manipulate fertility levels in low fertility or even sterile
fungal strains. Finally, AFUB_069370 and AFUB_067900 were found to
influence synthesis of fumagillin and pseurotin A. Thus, the effect of these
genes on expression of MAT1-1, MAT1-2, laeA, and fmaB might be

investigated in future studies.
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Appendices

Appendix 1 PCR reaction mix of upstream and downstream fragment
amplification

Reagent Amount per reaction
gDNA (100 ng/puL) 1L
Primer P1 for upstream 2.5 puL

or P3 for downstream fragment (1 nM)
Primer P2 for upstream 25uL

or P4 for downstream fragment (1 nM)

Phusion High Fidelity polymerase (2 U/pL) 1L
dNTPs (10mM) 1L
HF buffer (5X) 10 pL
H,O Add to 50 pL

Appendix 2 The cycing program of upstream and downstream fragment

Cycle number Denaturation Ramp rate Annealing Ramp rate Extension Ramp rate
1 98 °C, 2 min
2-34 98 °C, Ramp to 63 °C at 63 °C, Ramp to 72 °C at 72 °C, Ramp to 98 °C at
30 sec maximum rate 30 sec maximum rate 35 sec maximum rate
35 98 °C, Ramp to 63 °C at 63 °C, Ramp to 72 °C at 72°C, Hold at 4 °C
30 sec maximum rate 30 sec maximum rate 10 sec

Appendix 3 PCR reaction mix of selectable marker amplification

Reagent Amount per reaction
FGSC ANID_AN4632.1 plasmid 2 uL
Primer pryG F/ pryG R (1 nM each) 5L
Phusion High Fidelity polymerase (2 U/uL) 1L
dNTPs (10mM) 1L
HF buffer (5X) 10 pL
H,O Add to 50 pL
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Appendix 4 The cycling program of selectable marker amplification

Cycle number Denaturation Ramp rate Annealing Ramp rate Extension Ramp rate
1 98 °C, 2 min
2-34 98 °C, Ramp to 63 °C at 63 °C, Ramp to 72 °C at 72 °C, Ramp to 98 °C at
30 sec maximum rate 30 sec maximum rate 35 sec maximum rate
35 98 °C, Ramp to 63 °C at 63 °C, Ramp to 72 °C at 72 °C, Hold at 4 °C
30 sec maximum rate 30 sec maximum rate 10 sec

Appendix 5 PCR reaction mix of deletion cassette amplification

Reagent

Amount per reaction

Purified upstream/downstream fragment (85 ng/uL)

Purified pryG fragment (50 ng/ulL)

Primer P5 (1 nM)
Primer P6 (1 nM)

Phusion High Fidelity polymerase (2 U/uL)

dNTPs (10mM)
HF buffer (5X)
H,O

2 uL
1 ul
25uL
25l
1L
1 uL
10 pL
Add to 50 pL
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Appendix 6 The cycling program of fusion PCR

Cycle number Denaturation Ramp rate* Annealing Ramp rate* Extension Ramp rate
1 98 °C, 2 min
2-11 98 °C, To 70 °C at 63 °C, Rampto 72°C 72 °C, Ramp to 98 °C
20 sec maximum rate, 1s. 30 sec at0.2°C/sec 2 min at maximum
ramp to the rate.
annealing
temperature at 0.1
°Clsec
12-16 98 °C, To 70 °C at 63 °C, Ramp to 72°C 72 °C, Ramp to 98 °C
20 sec maximum rate, 1s. 30 sec at0.2°C/sec 2 min at maximum
ramp to the Extension for rate.
annealing first cycle 2 min,
temperature at 0.1 and last cycle 2
°Clsec min 20 sec™”
98 °C, To 70 °C at 63 °C, Ramp to 72°C 72 °C, 2 min Ramp to 98 °C
20 sec maximum rate, 1s. 30 sec at 0.2 °C/sec  Extension for at maximum
ramp to the firstcycle 2 min  rate.
annealing 20 sec, and last
temperature at 0.1 cycle 6 min 20
°Clsec sec™”
17-26 98 °C, To 70 °C at 63 °C, Ramp to 72°C Ramp to 98 °C
20 sec maximum rate, 1s. 30 sec at0.2 °C/sec at maximum
ramp to the rate.
annealing

temperature at 0.1

°Clsec

* The aim of this touch-down PCR was to try and improve specificity of primer

annealing.

** The increase of extension time was due to potential loss of potency/activity

of polymerase enzyme as the PCR progressed.
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Appendix 7 Strains utilised in the study of sexual development in A.

nidulans
Strain/Isolate Genotype Parental strain Source
AN2701-4 AN2701.2::pyrG 2-258 This lab
AN2701-6 AN2701.2::pyrG 2-258 This lab
ANO0164-3 AN0164.2::pyrG 2-258 This lab
ANO0164-6 AN0164.2::pyrG 2-258 This lab
ANO0164-6C5 pyrG::ANO164.2-pyroA ANO0164-6 This lab
AN4632-3 AN4632.2::pyrG 2-258 This lab
AN4632-6 AN4632.2::pyrG 2-258 This lab
AN4632-6C29 pyrG::AN4632.2-pyroA AN4632-6 This lab
AN4813-2 AN4813.2::pyrG 2-258 This lab
AN4813-14 AN4813.2::pyrG 2-258 This lab
AN4813-2C8 pyrG::AN4813.2-pyroA AN4813-2 This lab
AN1217-6 AN1217.2::pyrG 2-258 This lab
AN1217-17 AN1217.2::pyrG 2-258 This lab
AN7170-1 AN7170.2::pyrG 2-258 This lab
AN7170-4 AN7170.2::pyrG 2-258 This lab
AN7736-4 AN7736.2::pyrG 2-258 This lab
AN7736-7 AN7736.2::pyrG 2-258 This lab
AN3147-3 AN3147.2::pyrG 2-258 This lab
AN3147-10 AN3147.2::pyrG 2-258 This lab
AN3147-3C15 pyrG::AN3147.2-pyroA AN3147-3 This lab
AN10631-5 AN10631.2:pyrG 2-258 This lab
AN10631-8 AN10631.2:pyrG 2-258 This lab

2-258 pyrG89-,pyroA4,nkuA : :argB, veA* n/a O’'Bayram
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Appendix 8 List of primers used in construction of gene knock-out cassettes

Primer name Oligo-nucluetides (5'to 3 ")

AN1217 5'F GTAACGCCAGGGTTTTCCCAGTCACGACGCAGTGGACACTGCTACTGAG
AN1217 3R GCGGATAACAATTTCACACAGGAACAGCGGAAGAATCAGTCTAGGACG
AN3147 5'F GTAACGCCAGGGTTTTCCCAGTCACGACGGGTACTTGACAGGTCTTCCT
AN3147 3R GCGGATAACAATTTCACACAGGAACAGCCAGGAGTATGTGGGAGAAGT
AN4632 5'F GTAACGCCAGGGTTTTCCCAGTCACGACGCACTAGAGCGGATACTGACA
AN4632 3R GCGGATAACAATTTCACACAGGAACAGCATACTGTGTACGAGAGGCTG
AN4813 5'F GTAACGCCAGGGTTTTCCCAGTCACGACGGTCGGTATGTATCTCCGTTC
AN4813 3R GCGGATAACAATTTCACACAGGAAACAGCCTGGATCTATGACGACTGTG
AN4891 5'F GTAACGCCAGGGTTTTCCCAGTCACGACGACTGAAGTGGGAGTGTCTGT
AN4891 3R GCGGATAACAATTTCACACAGGAAACAGCCTACGTACTTATTCCCCAGC
AN7736 5'F GTAACGCCAGGGTTTTCCCAGTCACGACGCCGTAGTCGGACTTAGAACT
AN7736 3R GCGGATAACAATTTCACACAGGAACAGCCTGCTGTCCGGTACTCTTAT
AN10631 5F GTAACGCCAGGGTTTTCCCAGTCACGACGGTAGCCTGTTGTATGCAGTC
AN10631 3R GCGGATAACAATTTCACACAGGAACAGCGCTGGTAGGGTTAGAAGTTG
AN2701 P1 AGCTGGTGGACTTGGAACC

AN2701 P2 ATCCACTTAACGTTACTGAAATCCAGGAGGTAGGCCAATAACG
AN2701 P3 CTCCTTCAATATCATCTTCTGTCGACTGCCTTTTGCTACT CACG

AN2701 P4 AAGCGGCTCAATCTCGTAGC

AN2701 PS5 AAGAAGAACACTGCCAGTCC

AN2701 P6 CGCACCCTGAATGGTTAGTC

ANBE11 P1 TACGTTATTGGTGCCACTCG

ANBE11 P2 ATCCACTTAACGTTACTGAAATCCAGGTAAAGTGCCTCGAACG
ANGE11 P3 CTCCTTCAATATCATCTTCTGTCTTTCTTITCCCGCTAAACAAGE

ANGE11 P4 GAATCATTGCCAAGCCAGTC

ANBG11 P5 AGTCACGGCTTTTCTGAGGA

ANGE11 P6 GTACTCAACCTCCCCGACAC

ANT170 P1 GAGGCAACTGGGCTAACTAGG

ANT170 P2 ATCCACTTAACGTTACTGAAATCGCGAGAGCCAGAGAGTTAGG
ANT170 P3 CTCCTTCAATATCATCTTCTGTCGTCTGGCGTTTGAGGTTTTC

ANT170 P4 GTATGTTTGGAGGGGTCAGG

ANT170 PS5 TTCCGTCCAGAAAAGACGAG

ANT170 P8 GCGATTATCGACGCTAAGATG
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Primer name

Oligo-nucluetides (5'to 3")

ANZTO wFw
AN2T01 vRv
AN3147 vFw
AN3147 vRv
AN4632 vFw
AN4632 vRv
AN4813 vFw
AMN4813 vRv
ANGE11 wFw
ANBE11 vRv
ANT170 vFw
ANT170 vRv
ANTT36 vFw
ANTT36 vRv
AN10631 vFw
AN10631 vRv
ANT336 vFw
ANT336 vRv
ANO164 vFw
AND164 vRv
AN1217 wFw
AN1217 vRv
AN4891 vFw
AN4891 vRv

pryG vaRv for up
pryG v3Fw for dn

AN3147 PvlU
AN3147 PvD
AN4632 PvlU
AN4632 PvD
AN4813 PvlU
AN4813 PvD
ANTT36 Pvll
ANTT36 PvD
AN10631 PvU
AN10631 PvD
ANO164 Pvll
ANO164 PvD
AN1217 PvlU
AN1217 PvD

TCAGAGCATGTTTCCTGTCG
GCAACGGTACACACTTCACG
GGAGCGGAACAGTGCTAATC
ATGTTGCTTGAGGGTTTTGC
AGCCCGTCAAATACTGATGC
AGGTACGGTTTTTGCATTCG
CAACAAMAGCGCTGTTAGACG
TCATATTCCGAGCTCGATCC
ACGGATCGTGACGAATTAGG
GGGACTTGCGACTTGAAGAG
CTTTCTCGCCCAACAACTTC
GTAGCCGCTCATTCATTTCC
ATCAGCCCATAACCGTTGAG
GAGAGCAGGATGCGTAAACC
TGCTCCACCATGATACAACC
CTTGCGACTCATTCCTGATG
ATCAGCCCATAACCGTTGAG
GAGAGCAGGATGCGTAAACC
TGGTTCGTTCCAGCATACCT
GCTCCAAACCGTACTCAACC
ACCCGCAGTGAATCTAATCG
TCACAGTGCCGTAGTTCTGG
TCGAGATCACGTTTGAGTGC
CTGGTCACTCTGGGCTTTTC
GAAGTAGCCGAGCAATGAGG
ACGAGTGTTGTGGAGGAAGG
GTGCATGTCTTGCAGATTGG
CCGTCAAGTCCTCGTAGTGG
GGTGACAGTTCCTGCAATCC
CGGCTAGAGTTCTGGCAGTC
GGAGAAAGAGCACGAGCAAC
CACCTCCTGCTTTTCCATTC
CGTGTGAGACCTTGTGCATC
TCGCGGTGGTATTTCTCAAG

TGGTCTCGTAGGTATCGTTCAG

TTGAACGTTCGTCAAACCAC
GAACATAGCTGCCTCAAGCC
CGTCAATCGAAGCATTTCCT
AGCACCACTCAGATGGATCC
GCITGTGCGTACATTCCAAGT

Appendix 9 List of primers used in verification of transformant strains
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Appendix 10 Primers used in construction of gene complementation plasmids

Primer name Qligo-nucluetides (5'to 3 ")
pyroA_fwd-C TGAATTCGAGCTCGGTACCCGGGTGCACCTGATAGGGACATC
pyroA-rev-C GTCGACTCTAGAGGATCCCCGGGCACTGGACGTTGACATGAC

AN3147 up Gol-fwd
AN3147 up Gol-rev
AN3147 dn-fwd
AN3147 dn-rev
ANO0164 up Gol-fwd
ANO164 up Gol-rev
ANO0164 dn-fwd
ANO164 dn-rev
AN4632 up Gol fwd
AN4632 up Gol rev
AN4632 dn-fwd
AN4632 dn-rev
AN4813 up Gol-fwd
AN4813 up Gol-rev
AN4813 dn-fwd
AN4813 dn-rev

CCTCTAGAGTCGACCTGCAGGCATGCTCCTCATATTCGTGGGTCAAAAC
TCTGATGTCCCTATCAGGTGCACCCGACTGCAGATGTGGCAAAAG
TTGGTCATGTCAACGTCCAGTGCCCTCCAACTCAACCAAACAGC
ACCATGATTACGCCAAGCTTGCATGCCCACCCTGATTATGCGAG

CCTCTAGAGTCGACCTGCAGGCATGCCTGAGGCAGGAGATGAGG

TCTGATGTCCCTATCAGGTGCACCCGTTTGGAAGACGTGTTTGG
TTGGTCATGTCAACGTCCAGTGCCCGCCAAACACGTCTTCCAAAC

ACCATGATTACGCCAAGCTTGCATGCTCTCACAAACCCACACCAAG
GCCAGTGAATTCGAGCTCGGTACCCGGGGGGAGCTCACTTTTGTCG
TCTGATGTCCCTATCAGGTGCACCCTACACAAAGGCTGGGCAC
TTGGTCATGTCAACGTCCAGTGCCCCATGGCTCTGTTATCTGCTC
TGCAGGTCGACTCTAGAGGATCCCCGGGTTGCTTTCACTTCCCGATTC
GCCAGTGAATTCGAGCTCGGTACCCGGGGGTGGAATGATCTCCTTGTTG
TCTGATGTCCCTATCAGGTGCACCCCTACTCTACTCGCCTGCC

TTGGTCATGTCAACGTCCAGTGCCCTTGGTTCTTCCGCTATTCTTTC
TGCAGGTCGACTCTAGAGGATCCCCGGGCCTGAGTCTGCCTACAGC

AN3147 PvD CCGTCAAGTCCTCGTAGTGG
AN4813 PvD CACCTCCTGCTTTTCCATTC
AN4632 PvD CGGCTAGAGTTCTGGCAGTC
ANO0164 PvD CGTCAATCGAAGCATTTCCT
pyroA 5°F AGATTGAGCTGCGTGCCTAC
pyroA 3'R GTGTCCGATACGAGCTTTGG
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Appendix 11. Alignment of amino acid sequences between AN2701.2
(XP660305.1), idc-1(XP_011393510.1) and ham-5 (ABJ96338.2). Highly
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conserved residues are marked in red, while lower conserved residues are
marked in blue. The alignment was analyzed via the Constraint-based Multiple
Alignment Tool (COBAL;
https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi?CMD=Web).

iF BE7VAS. 1 1 MLADSVIEATCARARELIT MEES Y VHI AMFYTVVGITHEFFIMIETFRIGGFCENTHY B9
P 003437272.1 1 MEGLPSSVILIECTARLY FRELLARS VI EATCART EELIMRESHVVHVERPYTVVGITHFFYDLIETFRTGGFCEDTHY 80
P 962270, 2 1 MEGLPPSVDLIECTSRLY ERELLARS VI EATCARTKELIMRESHVVHVEAPYTVVGIIHFAFYDLIETFRTGEYCEDTHY 80
HF 003346505.1 1 MEGLFPEVILLECTSRLENEELLAR S VI EATC ART EELIMRES MV VHVERF Y TVVGITHFAFYDLIETFETGGYFFOTHY 80

P BE7VES. 1 60  LFLGIUVDRGLFEVETISLLVCLEL RYPSEVHLTRGHHESRGYTLS Y GFYTECAREY GHANVWHY FTIMFOFLTLAVVIN 139
HF 003437272 1 &1 LFLGIYVIRGMFSVETISLLVCLELRYFPHRLHLTRGHHESRGYTHSYGFYTECSREY GHANYVWHHFTOIMFIYLTLSYYID 160
HF 98FFT0. 2 g1  LFLGDYVDRMFSVETISLLYCLELRYFHEVHL TRGHHESRGYTRS Y GFYTECSEEY GHANVWHY FTIMFOFLTLSYVIN 160
P 003346505.1 &1  LFLGDYVDRGMFSVETISLLVCLELRYPHRIHLIRGHHESRGYTOSYGFYTECSREY GHANVHHYFTINFOFLTLSYVIN 160

HE BEPFES. 1 140 DQIFCVHGGLSPSTHSIDAIEITDRFREIFHEGFMANLYYSOFDTERDEFSLEFRGAGY TFGARYVVREFLEVRSMSHILE 219
fF 0034372721 161 DEIFCYHGGLSFSIHSIDAIETIIDRFREIFHEGEMANLYWSDFDFERIEFSLSFRGAGT TFGELVVERFLEVREMEHILE 240
P 982E70. 2 161 DOIFCVHGGLEPSIHSIDQIEVIDREFREIPHEGIMADLYYSOF DPDEDEFSLETRAGT TEGARYVVEEFLAVHHNNHILE 240
P O03346605.1 161 DRIFCVHGGLEPSTHSIDATEVIDEFRETFHEGFMANLYYSOFDFIRDEFSLEFRGAGY TFGADVVEREFLAVIAMNHILE 240

P 6B77ES. 1 220 AHRLCHEGYOVLYIDRLST VRS AP HY CYRCGHLASVLEVSITGERFFHIFIAAFENDTHREGEQATORSENGGEFVIOYFL 299
P 003437272, 1 241  AHHLCAEGYRTLFIHGLST VRS AP HYCYRCGHMAS VL EVGERGERYFHYFEAAFEHTIQVEIMEMGL DEMGERGHLEDYFL - 320
HF 96FRT0. 2 241  AHALCHEGYOVLYIDELSTVHE AP FYCYRCGHMASYLEYSITGERFFHVF A AFENDAVEDQENHODES AEGGALFIYFL - 320
HF 003346606, 1 241 AHOLCOEGYOVLFIDELSTVHSAFRYCYRCGHMASVLEVEOTGERYFHVF A AFENTDAVEDQEMFODESARGALFIYFL 320

Appendix 12. Alignment of amino acid sequences between AN0164.2
(XP657768.1), PP2Ac unit of Panserina (XP_003437272.1), S.macropsora
(XP_003346505.1) and N.crassa (XP_962270.2). Highly conserved residues
are marked in red, while the lower conserved residues are marked in blue.
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LF 682236 1 1 MTAVASFEEVQTGFELGNYDISGD [4] ALSSMHE DEVE —BMFNFEET LHRSNS S35 IG5 —WESASTIA—————— 67
1P 001906967 MIAVASFPSFPNLAEFGHMAGGY  LLNTINSEDARYRMEMPRET LPRSHSESEVEETSENGETSTVISHASSON— 74
1P 964050, 2 1 MTAVAHEPSFANLHEFGHINGDE  SLEFMHPDDNE-ABMFMERESLARSHESSSWASTASSSSTSTVISTGEVETART V6

il
-
—

AF DO33E2390.1 1 MIAVANEPEFANLHEPGNTDGE]  SLREMHPDDNR-MMMFMERESLORENSSSEISCTASSEETETVISTGEVETART 76
AP GE2E36, 1 63— CPENI———DAGQFANGDEATAASKRES S — RS VHPESESEFVEGISHARSQART AFFIGTGASE 126
EF OOI908SET. 1 78— HGGEVEE AGTTGANFHG—AFRERPRQEGE —WFHPETEGTHEF ARTSSVEFFMANGYHGAS— 132

1P 964050, 2 7 HGEFHSTTSSGoy WGHGHEME VGG T ARWSHS O ALRKEPQF ENR-HT HEW THARPEGASILSES ATGEPFMANGYHGART 155

AP DO3EEZ390, TP HGEPSETTEEG—HGHGHEMEVEGITAPWEHE O ALREEMPENR tHT HEW THARPEGASDFSES ATGRETMANGVRGART 154

i
i

IF BEZEGE. 1 127 WM SAVHAPSSILFSAHLI)SSQURGYEAGS TP —AGDPPATLT LIFLEGTFERFQITLFYFFETLRTGRY 194
AF DO1906SET, 133 ———CLQF—PRSILATPONQIMAR HGLE E-GPDGAASGRAF VLY LISLHGEFERETISVEYVFDTLRETIGED 197
1IF 964080, & 166  THMHHAARAFEEHFAFANAFQSAME AF—HOMMS QS HLARF GADOM A FORLFVISLISLHGTFERETISVEFYFDIMELGRD 234

1P 003362380, 165 THMHHAAHFESHFAFANAFRSALS AP —HUMMS QRIS EF GADGMAPORL VLS LI SLHGTFERRTISVEFYFDIMELGRY 233

[
i

d
[

iF BEZZG6. 1 1956 THARTVETSENGFFISEVISRAHAETWADRAT GEVLIRDVESSHGTF LEGHRLSFENEESEAHETRENDTLELGIIIVEE 274
1P 0019069567 198 THRETVETPVHGFFISEVISRAHARTWADP—SGEIFIRDVESSHGTFVHGSRLEFENRESEPHELQTADHLELGIIIVEE 276
LF B84080, 2 235 THARTVELFTHGFFDCEVLEROHAETW ANG-DCGETFIEDVES SHGTFVHGHELEFENRESEPHELRSQUHLELGIDIVEE 313

1P 003362380, 234 THAKTVPLPTHGFFISEVLSRAHAETH ARQ-DGETY TRIVESSHGTFVRGHRLSPENEESEFHELISADHLELGIDTVEE - 312

d
[

il
-

i GE2236. 1 275 DRRTIVHHEVSARYEHRGYTGTVENIFILTLAILIFASGHGLLPSFLSGFL=h] RGRAGS——ASSTRESAASHASSOFN 350
¥ OOI906957. 1 277  DOETYVHHEVAARVEHAGFISE ANHVMEMSFGILIFSHHFMMALSG—VPF—RGRETHOS AMAGS-EVSFSH-AGVAG 349
AP 984030, 2 314 DOETYYHHEVAARVEHAGFVTOT HHLLIMHF GO LD E S HGEMMENG AT T F— RGRAGEOASLASHGENME GHGGE TR 350

IF 005362380, 313 DOETVVHHEVAREYEHRGFYTHT HHLLIMHF 50 LI F S HGGHMMEMGHE FF—RGRAGS A S LASHGEMMEGEMGGEIR 5389

d
—_

s
-

AP 682236, 1 351 ALQOOREQmnTWISFLETEQVVERLT SEMELARQQQQELEYTIEF LTINS G EKERQEHESGDETSSRAVHGER 426
1P 001906967 350 HLAQUEP—YHWQEITTEHITERLA —ACLFPTIIARTGHF LHALLEFD—DVERLIFFEAPEAFESFVHGHY 416
1P 964050, 2 391 GMAQUE]—FWLNPYTTEHTIVEELR TENMEHAKLAHHDLIRTGHF ITALVTED—DTERQOFFEDIEFFELHVHGHT 462

IF 003352390.1 390 GLADORG—FWLNFVTTEHIVEELG (18 ] TENEHARLOHHDLIRTGOF ITALVTEI—ITEHOERFOGIEFFEFHVEGEY 479

il
-

i
i

iF BEZZGE. 1 427 FEMPRVDSFERFSEFFAPFPQOFLFERFDALPRHGYIALS pLERTITERFEME —AGSSFYSEESSHILSITEALSSAREE  BO4
AF 001 S06SET. 417 SFREDGGETRFSDFFAFFPSAOFLEERFDAMRF GESIVAS L FRGFTERFFLAT 1 SFILFINTHELRTSAL TEQLIHAQES 435
iF 964050, 2 463  FFESEISKTREFSEFFAPPPSOFLFERFDVAR—ASDAPS-LFRGITERFE——SHPSFENTHVHAVVALTEALNLAEEE &35

AP QO33BE390.1 430 FPFESDHCETRFSEPFAPPEFEOPVPEVESVAR—ASDAPE-LFRGITERFE——SHFFPEDANVAQVMOLTEALRMAENE BE2

o]
—

i
i

IF BEZZGE. 1 505  LITQGARVEELEQLIGGERLARES AEQEARSL——ELVSAKGSIRFS ALRQDSGANGFPYNE DHEMT VREFDSHSTDER  BE0
AF DO1906SET, 496  LDETSQEARNLEEELNREEREARLLVEGOMOEN0EESTHVEVHGEAGTF LVHGHEELDEAFNE T AETQTEAEVDEVTVITE  BYE
1IF 964080, & 536 LDSHSARVENLERMLHEEFREARLAAEYIMOEM—AYEQQAVTHGTEVAALTHGHE ATERVFEFFTENTETHDAS ALGGLES 614

1P 003362380, 553 LDSHSARVEDLERMLNEEREARLAAETIMAEM—AVEQRAVTHGTSVAALTHGHSELEEAFEFF TEQSHANNSS ALGGYVER 631

[
i

d
—_

iF BEZZSE. 1 G831 avqEQGHTFAEDATERL——HRRLETMMEIME AMEEQ LSSV EERARKAEART GEARESLYEMIETLE: FERALY 650
1P 0019069567 B7E  —PGEYSPYVVDET AMMY a0 AQTDTAAGENARMEEHMES Y RARARKAEADRDAGSETLAELVINTRORIEEDEERAAE 652
LF B84080, 2 615 —ERSPEFETSHIEAMAAAFOARTESMT TENEGLEEQLEAFENFAEQARAERDADRETI SOLTTATRORIEEEQQALAE, 651

d
[

iF 005352380, 1 632 —HESSEPETSHIEAMAAAFOARTESMT TENEGLEEQLEAFRNEAEQAEAERDADRRTISALTTATRORIEFEQRAS AR 7OS
i GE2Z36. 1 651 E————————DREFLIFVE-ITEFLNIT SHYDEEFTAAVIHEDVGE—QDATSSFRERGA[E ] LATHFHER 711
IF 001906967, 1 653 KqSRSRSREARRRGRE=ASFRAEERLENT tHGSATFFHAQTDGAASEADDAEDTSFVERSWTVERRSVGA  LAVQGIGY 729

AP 984030, 2 692  E-CREEERGREQNGG-EDFEVIEALFEA-NGAAVTGETQENG—SZEDHAEEVPELALTDTLEFSSSPA  LVITHADE  Vé3

AF_OOEEE2390. 708 R-SRS55RGRSEAGH-HEFEAEQALFEA-NGAAVTGETQENG—SSEDRAEEVEELALTITLEFSSS5A  LVYFHAOR  7a0

o]
—

AP 682236, 1 T1Z  LD-AVEQASFLASNMLGVVILGVGLIAYLHGHD —EMDE 746
1P 001906967 T30 EP1ATTIQILFYATAFGYVLFGMGIMGYINDWA1oFHFWRE 763
1P 964050, 2 TEd  ——ALTHAMPYVSVLGVVFIGMGLMAYLRGH) —FOUAER 797

AP DOEEEE3A0, T8l ——ALTOAMPYVEVLGYVVIIMAMAYLRGHD —TOARN  &14

il
-

[
i

Appendix 13. Alignment of amino acid sequences between AN4632.2
(XP_662236.1), P.anserian (XP_001906987.1), N.crassa (XP_964080.2) and
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S.macrospora (XP_003352390.1). Highly conserved residues are marked in
red, while lower conserved residues are marked in blue.

| %P gedz15. 1 1 —IDEATASADAS [31 JAEGIRAEQAAQTSATTASKPSYS—MRAL  — WWP—MSRRPELQRNT
|gr ootanizsz 1 1 —NHSLYFSEA AMNDASEHEE ASQPPAREPPYQETGVIADGTVDASAA S ] SKEPPE pp t SLAKRPLLVENG
|gr 0113945721 1 MTHMHHALY—SESTS SSGDIAEK— SAKPPSDAVSTTSEQVAILS—  DEEWAP—ALPARTALHRNG
|gr op3382145.1 1 MTIHHALN-SEATS SSGDIARE— SAKPTFDAVHITSEALFILS—  ERFWAP—ALPARTALQRNQ
|xp BEaz15 1 &4 —SAP—FF—FRQFFFFAF- VUHKRED —AFTDSLELANLRALVOEMFRAEGF AT AFEY ADCHFFFEELEE
|xp oono1782 1 78 aFSAT=i FFPAVFSVFAPFIFHT ANSHET-HDAS [ 1 7 ] VSPHDSLSLANLRRT VRDFFNREFTAYDYEY TIMGF LEEETIE
[P 011394672 1 &0 —PEAP—FFAAFENFFFFVFEGAGEGHAANNAS AQFQUSTSLANLRRTVAEFFESEFTATDYVITOVGFTEEEVIE
| P Do3367145 1 A0 —PSAP—FFAAFENFFFFVFEGEGEGHA-NNAS AQFQUSTSLANLRRTVAEFFESEFTATDY VY STMGF TEEEVIE
| %P gedz15. 1 146 WFQUSEFIRAMILAMESSFERTW-SLFCEVQPSLSSSTS  WLDAPEAMOKLFLTEVIINLQDSEL — -LVELEALES
I[P ODIS1I762. 1 166 WEMYNFHQUVELWANNEAFHT AYGEYFASFESSFTESOA (5 1¥DEVIVSERKEFVTSTLGHIRFLSD (4 TRMVEGEATGA
I[P 011394672 1 133  WILYNFHQUVELNTANRAFDSTYESHFGEDET WOSVGDDDEAEFVEHAVQQLATSTD  KTARGEAIGT
|{F 003382145, 1 132 WEFYDPWQUVELWNANKAFDSANVENYGEDET WESVDDDGREEFVEMEVEQLAVSSD  ETARVEAIGT
|xp BEaz15 1 218 WCYVVTGYWGITAGESTFIYFHISFTAAENARSKSLATAW TVTHARLIHECS GLESLY GLLLREAF ERSRVS AP SESHAAS
|xp ooe17E7 1 7E1 WVTLVLGRATEAVT VEKVELEGYVEGEC KS AATEVOLIAMEEGYEVLAECGGYEVMR D ALRGAF EFFRAD—EFFQSLY
|yp 011394677 1 z00 LVITVLGRYAETV——KAASLFNFADHEVES AATEROLDAMEAGYELLAECGGTFFMRDALERAF EFFRADNGIVGTVY
| P Do336Z145 1 139 LLYTVLGRATATY——KEANLF NLADHEVES AATEEQLDAMEAGYELLARY GGLEFMRDALEEAF ELFRANNGIASQRVY
| %P gedz15. 1 235 ESAWPML[6]EARLYLTAFYIMVETARMIETRDPEH tpl RDATT AL EPDIMVFLIEITARLEAIDASKIFL TRIIL
I[P 0DIS1I762. 1 329 MAVEELT — —HLMIVMYVVIQVTLEDSEGMEEY—RERLLATWFNLVIFLNMLATAKLENIEAGILEQ TQIFL
|YP 011394672 1 277 AVAEELM  —HLMIILYISLQTTLDDLEDMASA—REELLATWENLVHEMLHAT AKLENIDRHILEQ TQVTL
|{F 003362145, 1 276  ANNEELM  ELMHLMTILYISLQTTMDDVEDNGAVA—REELLATNENLVHFMLHAT AKLENIDRNILFQ[22 ] SQVFL
|xp BEaz15 1 377 LPWECILLFFGGSIMLERAKETLEFAFDCGENDFT [5]LTASFLIVHHFRHEITSEYFAVREFFEYIFLELERHSILFFL
[P 01911767 1 386  LFWESILLVFGAMEELSETHEATSERETREKIMEL ITASFLIVHYFEQETTSEYFAVVFFYFATFLEARKTSLLFHL
[P 011394677 1 344  LFWESLLLVFGGSEHIAEAKEATAETFSDVEIKEL ITASFLIVHYFEQETTSEYFSYIFFYCATFLEARGTSILFFL
| P DO33Z145 1 386  LFWESLLLVFGGSEHIAEAKEATAETLSDVEIKEL ITASFLIVHYFEQETTSEYFSYIFFYCATFLEARGTSILFFL
| %P gedz15. 1 459 PQHPSRSYSSHGLFSGy sPSVAGGHGETLHISVHIATE APSTPEST 1 GPGGKAGEEINT OTHY N P PPLINSSHRLE
|YP 0DIS11762. 1 473  PSHPPRNTAQTGIISG—FPNQTGGGSILNOFVHIATE APSPRESE— HGAREOHY OTHORF PEMYPPLDATSHEAG
|YF 011304872 1 421  PHHETRMWGOWGILPG—FPNQSASASTLHOFVHLATE APSFEESE IMYQTHONFPFMYEFLDATSNSAS
|YF 003362145, 1 445  PHHFTRMWGONGILPG—FPNQSASASTLHOFVHLATE APSFEESE IMYQTHONFPFMYEFLDATSNSAS
|xp BEaz15 1 B39 GRGITEMIIVLVGERWDGEDVE ASVIEAGQLFSTHYENTRAMRO LYEEFERFMEYDE—WHA [6 ] GDVDAEDET+ d0LEE
[P Dono17E7 1 BEO GRGGAGLAILLVGRENEGEIVF ASIMEAGELFSKRVEMTRATROLNDERERFLKEGRGCEG ~ ADEDLIDEL—ILIE
|yp 011594677 1 486 GRGVAGLAILLVGRENEGSIVF ASTTEAGELFSTRTRMTRATROLNEERERFLKFER—#EG ~ VDEDLIDEL—ILSE
|yp DO3362145 1 Bez GEGGAGLAILLVGRENEGSIVF ASTTEAGELFSTRTEMTRATROLNEERERFLKFER—GWEG ~ ADEDLIDEL—TLSE
| %P gedz15. 1 621  FSLDEFEVTESHPIMEKETD HEEVQERLDAVETFY

|{F 0DIG11752 1 625  LTLERKEELGLVEEGDIDGKASESGADYGEREVIDNTERRLDAVEEFVEEALFOLASAVVVLLEOVLATASYIVI ASFHG
|YF 011304672 1 572  LTLERKEELGLLKESDIERDELGHETDLGFREVIDDTEHRLEAVEEFVEEALFKLASLVIVILEATVATASSLVOFOFGY
|{F 00332145, 1 59¢  LTLERKEELGLLKESEXERERHGHETDLGFREVIDDTERRLEAVEEFVEEALFKLASLVIVILEATVATASSFVOFEFGY
|xp BEaz15 1 BEE  -NGGSGEESFSAY——HAGASSFHNITEDLTCIAT i DELORIRVRETTEKATSGSLLLLLEWFERSHILEFEYMTQLL
[P oono17E7 1 708 HRRGGGPF AGRAR-GFSHAPGEHGAGGRGFIPGSF S I-ATVI EMENRET A AKARTGT LT LI EWLKLSHVLEFEYLTHLL
[P 011594677 1 @52 HHFGAF FPOGRGA: FEFSI-DIRVIEARSRET AAKAVTGIMI LLLEWLELSHILEFEYFTALL
|¥p Oo336Ee145 1 676 QHPGF "POGRGYHFGHR ‘PEPSI-DIRVIEARSRET AAKAVTGIMI LLLEWLELSHILEFEYFTALL
| %P gedz15. 1 730 LDSHYLPLILEMFAHQEIDOAVAQRTDEDELGFFRFCHLHSEQ PPIITGFOY— DSDIEAVIPETARHRT
|YF 0DIG11782. 1 783  LOSCYIFLVLELFAYHDVOOVVEWELDELEHSFFYFCGSRAGYTEHE CUFNFTATEFEDVEE  sEEEDDARFFETERRES
|YF 011304672 1 731  LOSHYLPLVLELFALHDVOOVVESKTDRIEHSFFYFCGSRAGATFOOCLINFTATIFEDVIY—SEDEARRFATERNES
|{F 00332145, 1 764  LOSHYLPLVLELFALHDVQOVVESKTDRIEHSFFYFCASRSGYIFFOCLINFTATIFEDVIV—SEDEARRFATERNES
|xp BEaz15 1 798 ETGRA—TDSVIETGLGFT: FPHEFEVDELGYFTAFFFSEFTTTFSFRNFFSATHY LHIMIKT
[P Dono17E7 1 @8E FTTTF AURGASQDAGGSF: DAQHGRAE: FTRFEVIELGYFVRFLFSEFTTOFSERFFFCLIHY LRIMYRT
|yp 011394672 1 Ao PPGA—EKGGPPDASSQFT == qPPOYONGS —ENSGYPSRPEVDELGY PYRPLPREF TTDFSRENFFSLINY LRVIYET
|¥P D03362145 1 831  PPGA—EKGGPPIASSR—PTORNONORRIEASIVOSKE EVITLGYFYRFLIKEP TTDFSRRFTFSLINYIRVITIIT
|gF Gedz15.1 855 TRDEAHRCLLLVOVESSTILRKGLETFDFDLEFYTLEI FESOVEYCGEENEAGINEVITATYLYCRFELRIDWLAGSDID
|YF 0DIG1I782 1 931  CEWEAMENLLLVQYESSEILEKTLEVFQQELELYTLELFENOVETC QSHMEVITAVYLYCRFELRDEWLAGSDID
|YF 011304672 1 34  CEHEAMENLLLVHYKSSHILEKSLEVFQQELELYTLELFENOVETCGEEWROSINEVTTATYLHCRFELRIEWLSGSIVD
I%P 0033621451 904  CHHEAMRNILLVHYERSSHILERSLEVPQUELELYTLELFRHQVETCREWERSHEYT TATYLHCRFEL RIENSGSIVD
|xp BEaz15 1 938  AEVEEALFLEQALRGLTHWWHLERYEHVIGG——EEGATIMDE—ERDFFVRELEAMGH —GY AGDELLNGVADEAELAAG
[P oong17z 1 1011 AEVEEALFLEQALRSTTHWFHYEEYPETIAY{ dr EKGERVAME: 1 ERSF FMREMEKLIP 65— GLELGFGFGEIGLMAGE
|¥P 011394672 1 964  AEVERALPLEQALRSLTHAFHVORYPERNGA——EVTAMMRE—ERDFFTRELERSIWIGH EGTNAGGMGIDGAGEA
|¥P 003362145 1 984  AEVERALPIEQALRSLTHAFHVORYPERNGA—EVTAMMRE—TRDFFTRILERSIHIGHEGTMAGGMGIDGGGEGT
|gF Ge4z15.1 1012 PLANGTEWD s —LAVEGA- 1028

Igp COLBII7EZ. 1 1089 EMFMGDEGM  —GYGYMMRQAL—MGR[11 IMHAHODOOVOGOG0GO000000:SGGHE (15 1164

|YF 011304672 1 1037 EFMMGE—  FONGNA—GIGGLEG MGEMAGIEYAAMAAAADTEHE S—SMGHS 1083

|%F oo3zE2145.1 1058 EPMMEMAEH [ ]P0, 2 CIGGHEG MGEMAGIEY AAAAAAAQTEHEH-SMGHS 1120

Appendix 14. Alignment of animo acid sequences
P.anserina

(XP_662236.1),

(XP_001911752.1),

1011
1088
1036
1067

N.crassa

between AN6611.2

ham2

(XP_011394572.1) and S.macropsora pro22 (XP_003352145.1). Highly
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conserved residues are marked in red, while lower conserved residues are
marked in blue.

EP 754899.2 1
P 662417.1 1

iP 754393.2 T4 YADQVIPESLDDTVNISGTTFLPEEFDTNLDPDMNMETLPDLERAARXNVLDELVPN 153
iP 662417.1 73  E—ALDPVVEESPLEQPHQTGDRE! ITFV-QEPETDFEAG ILLDALRDIEQNGNDVLELLIPS 146

{P 754899.2 154 SADPVSIVNSAKRLTDPGSTQSKRLRHSVSNLAVQARUFGPQIYIDVEHVSQLLTSALXKERGVQVGCEKEWSADPILHQANC 233
(P 662417.1 147 KGRLVDAVEEANQLSDPRNTGSERLLRLLXILDEDIKIFGSH 225

P 754899.2 234 ARFALEVLLANVSMDSTERAIENLEGLFPLPFMNDLSESQHERVIGESSLREDIFDLALELRTQSLILELEEDQYXLDFL 313
ARFACEILLAGTNPNSQRQAIRNIQELFPRFFUTCLAGACEEKEAGESVLEKETLNLALEIRTQSLISQLEDNGDSPGSD 305

NEILVLISEAGDNTFDIEELESAYRW 392

306 NF F D3SRESPLRGF] LE A FDVNELRSSYN7 374

P 754399.2 393 QEFVLRAIQWLE 464
P 662417.1 375 XRTDELHVEVEERISTQAVRYTLSNAKASSFCSTLL ASEAEPSCELQEAGEDTTRQDAVASCFPACLE 454

f
-1
o
4
2l
)
O
[
u.z.u
F

IAASPEGSPTLLPEDHYLSV-DDSQLNIGDHEVEACLE

ILVTEEPELNFGEDSEFANVDE-STHIER

HHDFSYGHRPR

DHDESASQLQQELQASTQNREAQEQLE 778

AESRR LDTSTDTH QET 737

734399.2 779 SRQWAKTSDF 858

P 662417.1 738 811
2 3859
1 812

Appendix 15. Alignment of amino acid sequences between A. fumigatus
mybA (XP_754899.2) and AN4813.2 (XP_662417.1 ). Highly conserved
residues are marked in red, while lower conserved residues are marked in blue.
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Appendix 16. Alignment of amino acid sequences between AN171271.2
(XP_658821.1) and A.flavus hxb1 (XP_002380469.1 ). Highly conserved
residues are marked in red, while lower conserved residues are marked in blue.

(o

Appendix

1 43
1 80
44  LPADFFAAPTDINGFTVSHDE—SL 118
81 TY—————AAPAEMLPAPGRQSTRRETTP—AVERETT 151
119 TNGDENTAR( 198
152 227
199 269
228 EFVALEKAM-——CGGVQESNES—————GSASLEESEILTNATAYMQELQEENKALQRELALFEQNMVPSGMVRETX 295

17 Alignment of amino acid sequences between AN7770.2

(XP_664774.1) and A.oryzea scIR (XP_001825886.1) Highly conserved
residues are marked in red, while lower conserved residues are marked in blue.
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80
80
E4461251.1 153

P 006964350.1 160

i
ZP 006964350.1 238

P 006964350.1 298

E4461251.

1
iP 006964350.1 476

620

ZP 006964350.1 634

Appendix 18. Alignment of amino acid sequences between AN7736.2
(EAA61251.1) and Trire2:59600 (XP_006964350.1). Highly conserved
residues are marked in red, while lower conserved residues are marked in
blue.

CLEOREAD 1 1 2 TVOTPLE 8
Pata ty T e TP00 Y - NASNAAY IS A
Xp 660751.1 1 MPA——EBIP:

77
160 SACFYREDFYAKLGDDEQEVQESLREYLVALDEIVNILERFLESKE! 208
144 SATPYREDFYAKLCSDECKVEAALEREVAALEXRVEILESFQERKE 192

Appendix 19 The alignment of amino acid sequences between AN37147.2
(XP_660751.1) and het-c2 (AAA20542.1). Highly conserved residues are
marked in red, while lower conserved residues are marked in blue.
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Appendix 20
(CBF76121.1), S.macrospora pro41 (XP_0033475742.1) and N.crassa
(XP_964262.1) Highly conserved residues are marked in red, while the lower
conserved residues are marked in blue.

KP

662495, 1

P
XP

003345657, 1

968588. 1

XP

662495, 1

XE
XP

AP 003345657.1

958588. 1

KP

662495, 1

XP
XP

003345657, 1

958588. 1

XF

662495, 1

XP
XP

003345657, 1

958588. 1

34
g1
81

114
161
161

192
235
237

63

M SSSEYDQELDSLLYGPIPVGYNRFIFEADFFD
MSVVYSLLGYNVMHNNE AKFTDRY LFEITFECLEHLERDLEYKLT Y VGSATSDNY DRELDSLLYGPIPVGYNKFIFEAEFFD
NSV SLLGYRYMNNF AKFTDRY LFEITFECLEHLEKDLEYKLT Y ¥GSATSDNY DRELDSLLVGPIPVGYHKFIFEAEFFT

LRRIFTSEILGYTVILLTCSYDGREFVRVGY Y VNNEYDSEELTADPFAKFITERTRENILAEKFRVTRFATKWDTEES AP
TKRIFIDELLGYTVILLTCAYDGREFVRVGY Y VNNEYESEELINDFFPRFYIEKIRRRVLAEKFRVTRFATKWDSEAS AP
TRRIPIDELLGYTVILLTCAYDGREFVRVGY Y VRREYESEELTNDPFPKF VIEKT RRNVLAEKPRVTRFATKWDSEASAP

AEYFPDOPEADGLDDD zAAY GQEEAELEAALL [9 ] ESTKGEDHIMEGADNG EEDISDAESEDIEDESDDDED—
PEFFFEQPEADEVADE-EEYGADELAEQASTA  DPAVNGSMEVEGQLHGATVIEEDEMSEDGSVDLENESDDELD—G
PEFFFPEQFEADEVADE-EEVYGADELAEQSSIA  DPAVNGREVEGAPHGATVIEEDEMSEDGSVDLENESEDELD zeG

EVDEEEGNDADEDVEMGDDSEpKIDNANE [510QEVIVH 232
DAEGELEQGQDEDIEMGDEME-IDDHPKP  OGMAMAQ 269
DAEGELEQGQDEDIEMGDEME-IDDHPKR  QGMAMAQ 271

. The alignment of amino acid sequences between AN710631.2

33
80
80

113
160
160

191
234
236

Appendix 21. Alignment of amino acid sequences between AN4891.2

(XP_662495.1),

S.macrospora asf-1 (XP_003345657.1) and N.crassa

(XP_958588.1) Highly conserved residues are marked in red, while lower
conserved residues are marked in blue.
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— St -t
AN77362  AN31472  A10631.2

s [P .~ .~
ANA4632.2 AN4813.2

3kb

Frfr €t

Appendix 22 The amplification of the deletion cassettes of AN7736.2,
AN3147.2, AN10631.2, AN0164.2, AN1217.2, AN4891.2 and AN4813.2
(approx. size 3.5 kb for each fragment).

3 ki
‘! ‘)

- T
U SO S G
AN2701.2 AN6611.2 AN71702 pryG

1 kb

- E—

Appendix 23 PCR amplification of the upstream and downstream
fragments of AN2701.2, AN6611.2 and AN7170.2 (approx. size 1kb of each
fragment) and the selectable pryG marker (approx.size 1.8 kb).
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Appendix 24 PCR amplification of the deletion cassettes of AN2701.2,
ANG6611.2 and AN7170.2 (approx. size 3.5 kb of each fragment).

2 3 4 5
AN7170.2

AN GRS OIS 213814 15 16 17 18
AN10631.2

PC 1 2 3 PC 1 2 3 4 5
AN48132 AN6611.2

5 6
AN3147.2
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7 Lo
AN4891.2

Appendix 25 Verification of knock-out of genes of interest. See annotation
on individual gels for the gene being screened. PC indicates positive (parental)
control (with an average fragment size of approx. 500 bp).The absence of a
band in the numbered transformants indicates replacement of the target genes
where as presence of a gene product suggests ectopic transformation.

-~
~ -

U DLy D UsDESUSDEUSDEUSD S SE) UubD U D
PC ] 2 3 4 5 6 °C | 2 :
pryG-AN2701 .2 pryG- AN7170.2

PC 1
pryG- AN46.

pryG-AN4632.2
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pryG-AN0164.2 pryG-AN1217.2
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1
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o 2 3 4 5 6
pryG-AN0164.2 pryG-AN1217.2

s
- - -

v - N— — —

[—y L —— —

buDUDID UDU UDD UDUD UU D

2 3 4 5 7 8 9 10 \[®

pryG-AN3147.2

Appendix 26 Verification of integration of pyrG at the correct target locus
according to positional PCR diagnostics. The letter U indicates a fragment
produced with primers sets designed from the upstream flanking region of the
target gene and the internal pyrG, and the letter D indicates a fragment
produced with primets sets designed from the internal pryG and the
downstream flanking region of the target gene. Diagnostic fragments were all
designed to be approx. 1-1.5 kb in size.
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i...18329

1B40. . . 4525

1859 . . 1B1B

ot 25, .. T3a3a7 AND1G4 dn_rev

AND164 dn G653B. .. 7357

AND164 dn_fwd 6513... 6557

i. .. 2600 plC1O|

pyrod 46399 . . 6537

AN D164 pyrod Azcem

AND164 up Gol_rew 4723 .. 460

2666, . . 2709 ANDLIG4 up Gol fwd

AND164 up Gol 2691. .. 4698
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AN4AGAZ up Gol_fod DO061...21

pliC19 G400. . . 90BS

1...3602 AN4G3Z

AN4E3Z pyrod Assembly_sssemblads — 3085 nt

_|_

AN4AG3AZ dn_rev G434 2T T
[=a1 sa07]

AN46322 dn 5443 .. 6200

!

ANAG22 dn_fwd B5417... 5461 | 362T. 25B5 AN4G622 up Gol_rew

2603 . 5441 pyreal

AN2147 wup Gol_fed T41B. .. 20
Ephl T43E

1...1945 AN3147 up Gol

AN314T pyrod Assexbly_sssembleds — 7442 nt

_|_

1970. . . 1926 AN3147 up Gol_rew|

ANZ147 dn_rev 4TT7...4733

ﬁ

1946 .. 3784 pyroal

AN2147 dn 3TBE. . . 4753

AN2147 dn_fwd 3760... 3E03
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- o 25. .. 0700 AN4AR13 dn_rew

[aM4B13 dn =677 omai]

ANAB13 dn_fwd BE652 . . BTO0
i. . _ 2686 pDCi0|

pyrod GE3E. . . BETH|

AM4E13 prrod Assembly_szzemb. zdn - $821 nt

_|_

2662, . . ZT10 AN4ABI3 up Gol_fod
ANAB13 up Gol_rew GEGZ __ 6E20

2687 . . 6837 AN4B13 up Gol

Appenix 27 Construction of the complementation plasmid of the gene of
interest in silica. The blue line indicates the fragment of the vector pUC19.
The red line indicates the upsteam flanking region and the ORF region of the
target gene. The yellow line indicates the selectable marker pyroA. The green
line indicates the downstream flanking region of the target gene.

Appendix 28 Amplification of selectable marker pyroA. The approx. size
was 1.8 kb.

2 3 4
pUC19-pyroA (Smal)

Appendix 29 Selection of the complementation plasmids. The pUC19-
pyroA plasmids were digested with Smal and EcoRI, and the complementation
cassettes were approx. 4.5 kb.
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PRe W s R

AN3147.2

sy

AN46322 AN4813 .2

Appendix 30 Amplification of the fragments of the upstream flanking
region and the ORF region of the target genes. The approx. sizes of
AN0164.2 and AN3147.2 was 2.0 kb, resprectively. The approx. size of
AN4632.2 was 3.6 kb. The approx. size of AN4813.2 was 4.2 kb.

S o
. —

AN3147.2 AN4632.2 AN4813.2

Appendix 31 Amplification of the fragments of the down region of the
target genes. The approx. size of each fragment was 1.0 kb.

222



ANO164.2-pyroA

Appendix 32 The selection of the complementation plasmids. The pUC19-
ANO0164-pyroA plasmids were digested with Smal, and the complementation
cassettes were approx. 4.6 kb.

ANA4632.2-pyroA

Appendix 33 Selection of the complementation plasmids. The pUC19-
AN4632-pyroA plasmids were digested with Sphl, and the complementation
cassettes were approx. 6.4 kb.

— AN3147.2-pyroA s
— (Sphl) —

Appendix 34 Selection of the complementation plasmids. The pUC19-
AN3147-pyroA plasmids were digested with Sphl and Smal, and the
complementation cassettes were approx. 4.7 kb when digested with Sphl.
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AN48E13.2-pyroA

Appendix 35 Selection of the complementation plasmids. The pUC19-
AN4813-pyroA plasmids were digested with Smal, and the complementation
cassettes were approx. 7.1 kb.

1 2
AN4632.2

3 kb

500 bp

s 2 3

AN4813.2
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PETRIRES WG S_— o

AN3147.2

Appendix 36 Verification of the complementation of gene of interest. See
annotation on individual gels for the gene being screened. PC indicates
parental control with absence of a band. The presence of a band in the
numbered complemented isolates indicates the reinsertion of the target genes
(with an average size of approx. 500 bp).

al 2 3 NC
pryoA-ANOIB4.2 dn

1 2 R® 1 2 &
pyroA-AN4813.2 dn pyroA-AN4632.2 an

3 kb

1.5 kb
il 2 S 4
pyroA-AN3147.2 dn

Appendix 37 Verification of the integration of the selectable pyroA marker
at the correct target locus according to positional PCR diagnostics. See
annotation on individual gels for the gene being screened. The letter dn
indicates a fragment produced from the internal pyroA and the downstream
flanking region of the target gene (with designed size to be approx. 1.5 kb). PC
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indicates the parental control. Number indicates the screened complemented
isolates. NC indicates negative control (genomic DNA minus).
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Appendix 38 Primers used in the amplification of HMG gene deletion
cassette in A. fumigatus

Primer

oligo-nucleotides (5' to 3")

AFUB042890 P1
AFUB042890 P2
AFUB042890 P3
AFUB042890 P4
AFUB042890 P5
AFUB042890 P6
AFUB069370 P1
AFUB0G9370_P2
AFUB0B9370 P3
AFUBO0B9730 P4
AFUB0G9370_P5
AFUB0B9730 P6
AFUB0B7900_P1
AFUB067900_P2
AFUB067900 P3
AFUB067900_P4
AFUBO0B7900 P5
AFUB067900_P6
AFUB042800 P1
AFUB042900 P2
AFUB042900_P3
AFUB042800 P4
AFUB042900_P5
AFUB042800 PG
AFUB009480 P1
AFUB009460 P2
AFUB009460 P3
AFUB0D94860 P4
AFUB0094860 P5
AFUB0D9480 P6
hph Fwd
hph Rvs
AFUB_037560 P4
AFUB_ 037560 P&
AFUB_004890 P5
AFUB 004890 P&

AAGGCTCCAAAAGGAGGTTC
TAGTTCTGTTACCGAGCCGGACACCTTTTTGATGACCATGC
GCTCTGAACGATATGCTCCAACGTCAAAGGTTACCCGACAGC
TTCCCCTGTCTCATTCAAGC

CGTCGATAATTGGGAGTTGC

CAGGAGAACAGCCAAATTCC

ACTCTAGCCACTCAGTCCCA
TAGTTCTGTTACCGAGCCGGCTCGGAGGTGACGATGCTAC
GCTCTGAACGATATGCTCCAACCAGGCGCAGAGTCTAGTATGG
GAAGATTGGGGCTACTTTGC

TTAATGGCAACCCCCGGTTT

AGCTGACGATGTGTCCTGTG

GCTGTATGGCAGTCTTCGGT
TAGTTCTGTTACCGAGCCGGGATGGGCAGGAATAGGTCGG
GCTCTGAACGATATGCTCCAACTGGCTCAAACTGTCGTTTCT
GTTCGTTGCGCTTTCTCAGG

AGAACGAGGAGGGTGACTGA

TGTCCTGTCAGTGCATGGAC

GGGCAAAAGGACAAGCAGAG
TAGTTCTGTTACCGAGCCGGACGAGAGACAAGTGTAGACGT
GCTCTGAACGATATGCTCCAACCGGCGTCTCGAGTCTACTTC
CGAGCCATTGCGTCGATTTT

GCTGGTAGAGGGCAGTCTTG

GTCGTTGTGGATGGCTGGTA

TGCTTCCGTTCTCTCTCAGC
TAGTTCTGTTACCGAGCCGGGGACCTGGGTTGACACTACG
GCTCTGAACGATATGCTCCAACCAAACAAGCTGAAGAGGATCG
ACGAGTCGGGTGAATTTTGG

GGCTTCGAGGCCTAATCAC

AACCCATGATGAGACAGTCG

CCGGCTCGGTAACAGAACTA
GTTGGAGCATATCGTTCAGAGC

CCATTTGCGAAACATTTCCT

ACCAACTGGAAGGTCACAGC

CACCAGTTGGTGATTGATCG

TTGGGAATTAGGTGCATGGT
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Appendix 39 Primers used in verification of HMG gene knock-out

Primer oligo-nucleotides (5' to 3')
AFUB04890 viFw  GCTTTTGGAGAATGGATTGC
AFUB04890vRV  AAGGCTTACCGGCCTTGTAG
AFUB09460 viw  TGGAACCTCCCAAGAAACTG
AFUB09460 vRv CGTAGCTGTCAGACCCTTCC
AFUB37560 viw  GAAGAAGGGTACGTGGTTGC
AFUB37560 vRv TCAGCACCGTTCATTTCAAG
AFUB42890vFw  GTCGCAGGCTAAGTTTGTGG
AFUB42890 vRv ATGAGATCGAACGCATTTGG
AFUB42900vFw  AAGCACACCGGAAGTAATGG
AFUB42900 vRv AAGGCTCCAAAAGGAGGTTC
AFUB67900 vFw  AGTACCCACCAAGGACATGC
AFUB67900 vRv CATCACTCGACCACCACATC
AFUBG69370 vFw  AGCAATGGTGAGTTGGAAGC
AFUBB9370 vRv GAACGAGTTCATGGGTCTGG
hph-vRv1_for_P1 CATCCACTGCACCTCAGAGC
hph-vFw2_for_P4  CTCCGGAGTTGAGACAAATGG
AFUB04890 PvU GGTACAGAGCAGGGGGAATC
AFUB04890 PvD GACGAGATGAGAGCCTGGAC
AFUB09460 PvU GCTTTGGCAGACTGAGGAAC
AFUB09460 PvD  AACTGGGCACCAAAATTGAC
AFUB37560 PvU GACGATACCTTGCCATCAGC
AFUB37560 PvD CTCCGGAGTTGAGACAAATGG
AFUB42890 PvU TGATGTCGCCACGAAAATTA
AFUB42890 PvD CACGAAACTGAAACCCCAAC
AFUB42900 PvU AGCCTTAAGAGGTGCGAATG
AFUB42900 PvD  TGCGGTTAGAGTGTGATTCG
AFUB67900 PvU TITCGCTGGATTTGGGTTAG
AFUB67900 PvD  TTCGTACCCAATTGCCTTTC
AFUB69370 PvU CCAGGAATCAAAGCCATACG
AFUB69730 PvD  TGTATGCCCTCGAACAGGAC

Appendix 40 Primers used in construction of complementation plasmid
and verification of complementation transformaion

Primer oligo-nucleotides (5' to 3')

AFUB69370 up Gol fwd
AFUB69370 up Gol rev
AFUBG69370 dn fwd
AFUB69370 dn rev

CAGTGAATTCGAGCTCGGTACCCGCGGCCGCTGGCTTGATTTTCCCAGC

ACGCCGTCTGACTTTTGTGGTGAGCGCACCAGGAGACCAGAAG
AATCTCGTACTCAACCCTCACTCGCTTCTTCTGGTCTCCTGGTG

CAGGTCGACTCTAGAGGATCCCCGCGGCCGCTTCTCCAGCTGACGATGTG
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Appendix 41 Number of cleistothecia formed by wild type versus Aku
strains of A. fumigatus.

47-51X47-55 47-465X47-466

replicates 6 6

Minimum 3 162

maximum 835 1121
mean 363.5 441.0
SEM 127.6 150.4

1000 bps

500 bps

L

1000 bpsswue MAT1-1
L _ = ]

500 bps me -

Appendix 42. PCR assay to identify mating types of progeny of 47-51-
AnsdC x wild-type strains crossing. The lanel and lane2 in A and B
indicates MAT1-1 strain 47-267 (834 bp) and MAT1-2 strain 47-55 (438 bp),
respectively. A presents the mating types of progenies from 47-51-AnsdC5 and
47-107 crossing. Strains determined in lane 4, 5, 6, 7 were selected and named
as AnsdC x, AnsdC y, AnsdC z and AnsdC w. B presents the mating types of
progenies from 47-51-AnsdC5 and 47-55 crossing. Strains determined in lane
5, 6, 9 and 10 were selected and named as AnsdC a, AnsdC b, AnsdC ¢ and
AnsdC d.
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o e rr e o ]
bla gene— Ap(r) determinant AP BTSE. .

A 417. .. 1235 akuBAf_up|

azell cleavage point ORI 7139 .. 71358

lac promoter P (LAC) 6779... 6779 ‘ pUC1S_skuBAT lucRedTS _pird. sb.zd — 5958 nt

Af\akuB\dn 6021 __ 6686

2057\ fw G021 .. 6041

DakuB: : Luc_cont_fw 5952 . . 5970

2064. .. 3T16 luc_r=dTE|

[1236. . 6020 AfLuc_opt_tzred:Prral
prrA 4047. . G001

Appendix 43 The pUC19_akuBAf-lucRedTS_ptrA plasmid for deletion
transformation in A. fumigatus strain 47-55. The rose line indicates the
deletion cassette containing upstream flanking region of kuB, LucRedTS, prtA
and downstream flanking region of kuB. The gray line indicates the fragment of
the vector pUC19. The light blue line indicates selectable marker Amp.

5B

3 kb

Appendix 44 The digestion of the transformation plasmid The
pUC19_akuBAf-lucRedTS_ptrA plasmid. The plasmid was digested by Smal,
the lucRedTS_ptrA fragment gave size of approx. 6.2 kb.

500 bp

Appendix 45 Verification of kuB knock-out via colony PCR. The parental
strain was 47-51 (MAT1-1). The presence of band (with approx. size 300 bp)

indicates kuB fragment. The absence of band indicates the deletion of kuB in
putative isolates.
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Appendix 46 Verification of intergaration of prtA at the correct target
locus according to positional PCR diagnostics. The left image indicates the
fragment produced with primers sets designed from the kuB upstream flanking
region and the internal ptrA (with approx. size 5.5 kb). The right image indicates
the fragment produced with primers sets designed from downstream flanking
region kuB and the internal ptrA and the kuB downstream (with approx. size 1.6
kb).

1 kb
500 bp

1k
500 bp

Appendix 47 The screen of the AkuB progenies from 47-51-AkuB8 and 47-
55 crossing. The MAT1-1 progenies gave a size of approx. 834 bp, and the
MAT1-2 progenies gave a size of approx. 438 bp.

Appendix 48 Southern blotting of the AkuB strains. The genomic DNA of
samples were digested with Sacll. The probe (approx. 1 kb in size) was

231



designed to bind the downstream flanking region of kuB. The kuB containing
fragment of the wild-type (WT) strain was expected to produce a product size
of approx. 7.1 kb in size after Sacll digestion, whereas the kuB deletant strain
transformants with the ptrA insert of were expected to produce a product size
of approx. 6.1 kb after Sacll digestion.

AP 661271, 1 1 MOE——FELIENHFPSFF  QSTDGOF—ASDASQF—GIMYFLYGTFEFTAGAG  OGHDESFHEQSS [4MEYAFTA 65
XF TH1BS0. 2 1 MATAMMTARFVO—FPSFF  QSTOGIL-ASQ—QC—GMLHSLYCSQHFFVTSS [E | EAANSELNFQA—  MITGESS 69
HF 0019050%5. 1 1 MOEHTFLEPSLPEGEPLEY [2 ] AATFHIMrAADSTRVOSQFASEY GTFAFQ-LTH  —SQSFOFSME ———— 69
HF 983833 3 1 ik ASVEFUTHSRFGTRYGTFYFHFLSH —SRSFITGLY ——) 36
AF 6612711 69 EVPOHASIHHEVETWEFSFTAEYSEOELEQANVIHHGARFSTFF—ADDGFASGELDSAF S ARNPSF —ARELHASEARVL 145
AP FH1BS0. 2 0 S FRYVSHEYCSTPLPLAHTMPPSDSRINTEFE t ADEGYWESELEATPP-ENPSSSALEISPGEVEYA 134

AP O0I@0e08E. 1 FO —YORGYAQIVEVATYPEWLEMLI — MSQPYGTFAASFE —TPSREASDIMSTHGGHIVIGEALATERAGYE 1354

AP 963535 3 37 HYRRATS VHFAYHA LY GDEESY GFTPEFYSTRATSEE TEARHAEIMHSNHENSE —LENLTESSEIE 103
AP BE1271. 1 146 ESPRERERRA  EWRSETDISFYLTEFP LEVLTEIMTHYFLEIMESHYHEFIEERLADT —ARWDGETFEFMHIFMLYES 219
AP 7FR1B90. 2 135 FKFFEIERERA  BEASHRESEPELPGELSEVTEHLTHYFLEIMOSWYHEFEEVEHAEY—AFFHGEVARFMHNIFMLYES 208
AF 001905095, 1 135 HASSEFFEE ~ ERARFFENLFTLIEFLEDLTED-SATFITDIETYVHEDATARQDEVY tACRENFGEVERFMHAFMLYEE Z10
AP 963533, 3 104 FEPPREEFES [4]FFIEGEVAALLL DEFLS0QEVP-EDLVLTHMEDY VHEGEEVEQREY-ESGENPGEVERFNFAFMLYEE 152
AP 661271, 1 220 AVAWEVEEYFRQQNHOVYESASGASWHEETPETEARY ERLAVIERRENHLEAY PGYEF TEAFTIEFERSTFODSHSF—SGE 297
AP TR1GS0. 2 209 AVAERTFEWFAQHRHOVSEVAGIEWRIETPETRERY EVLANVERANHLEAHE GY EFSPSFEEFFRIETIDDQLTVOGGE 2685
AP 001905095, 1 211 AVAQRAFREWASQHEHOTVERVCGISWPLEFEHIEQRFEAY ADLERDNHAEAHEHY EFTESFEFHEF AENIENFOAHSEAST 290
AP 9838335 3 183 TYRGVARGYATEHHHOV Y SREVCCMEWFMEF EQYVEEQFEAN AEREREHHALAFFOYEFTFTEPSEAPEYEDGHESICSIFE 262
AF 6612711 293 FIPEGSFARNICZR-HSTFETFEIGEGHHGGHEF TEFIMGOHGLFTDGY FESLNFTSHE ARQFVIAMLTSDESHFMAFA— 374

AP FH1BS0. 2 289 MISGSSPAFLY—FRAVGSSEVDSHGH ASEDSTEFOFPEHGLFTITY Y DSSWATSHPS——MSAPEPSSYLAQE— 357
AP 001905095, 1 291  LDEYGDWO-HAMAFMESATHTFHDD ——GDYIFSRSVY AATHHEL— MLHG-LGFHHONES AFEFSHEGEEFMPSAYD 361

AP 963535 3 263  WOPTGSIRSRETLFREARSLTREASSID——FIDHEFYYMGELTYFEYGY S AGMHNTMAAF AGHESFFEYSHESETMEPARYE 335
AP BE1271. 1 376 EHF EETHY APSTMLAGLPGAH——  —HOLIQFRAG— ———G 405
AP 7FR1B90. 2 388 IHFHLIGFFTEDSRFEHVGLENIQF———————TSSTALAGLEGARH —HOLIAFEHE  SGAGEDG 412

AF 001905095, 1 362 TE—GLTHTFYESHIORTORSHLHFGM-TEDVIMERTFSFSMAFQE-HTH-LEEHY  ELHQYHHFE— ———— 422
AP 963533, 3 339 HHPGALRDGSYYGAONMHTPERHLHH M= VED T VHERTFSPTMATSGGRPHGLSMEH [4 ] DLHQYSOFMFT [E1SPAEYIL 421

¥E 8612711 406 OVIDFALL  ——HYPGSTiHFEGGEQVYGHEHYOMNOE—GHHHYY AFFEASHEPSEDSTAGAPSIQPGI——DGHE 472
¥P 761690 2 413 QLIPALL  ——SLSDHS—GURAMYFHSHY ATWQEVP TSHCYVEVPS—PLASTTHVGATYHOGLATLGDSRD 47T
¥P 001905085 1 423 ———  HIRPSHEQQA-HSHSASAGHSHPQPPRFEH RIDPSIMSHEELFHGTHHLNHINNSISHLFDGTG 485
¥P 9638333 422 PTOQSLL[16 JHLEFPEYHHHS -HDSQHDREY DFHHDEREY HYLDEFRTDF SL—ENVY TTSAGAG-THEMIGHDGGG6G 503
HE 8612711 473 I ———HD  SSORAT-LEFAGGIFDENL H-OF AGYT 499
KE 751590, 2 478 T ——H%D  SINNETSFDASHGEFEHWT HEQASGY A 507
¥P 001905085, 1 486 L AGTHHSOHGWG  TGOLTSHWHPEN-QFSHFH1 sLDNTLSVEQHSQFLGGATWEME — PLSEGAHFEANW BEZ
P 963533 3 B9 S[E]ATTSSTOSANG [9 ] AGEMASGANSINGEGE0F— VIS FMFEDEHNRALSGGH—WHVE [4 JPLFDGSHFOTSW (2] 602
XP 6612711

¥P 761590 2

KE O019050598. 1 553 AETHADD EES

P 963533, 3 603 AVVETEL[E] 614

Appendix 49 The amino acid sequence alignment of AN3667 (XP661271.1),
AFUA4G12410 (XP751590.2; AFUB069370), PaHMGS5 (XP001905098.1) and
Fmf-1 (XP9638833.3). Highly conserved residues are marked in red, while
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lower conserved residues are marked in blue. The alignment was analyzed via
Constraint-based Multiple Alignment Tool (COBAL;
https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi?CMD=Web).

KF ER956E. 1 1 MADLEVF YRYSESLFEVDL—LSL 23
KF vE1745B. 1 1 MEYHEVLFEFFALLYDTFOY—FIFRRSSS LI EHEINMHDEF TTEVSLVIHE VI GGECRYITADAF ATGLEOVHLEL 73
EF 00iS02907.1 1 [1E]15000RIFFGEO0000FHOON gt sPLTRS ANS ARRLAGGGITFETES S TRT AVGGGES ASTPAARATSTRODTHIVT 51

KF ER956E. 1 24  HESEVSAERDLESFETALEFT EFTSTHSIRTIFMEERFSFADBSVESSFVESTAQGORESVTQ  FCLCQFIFEL 96
EF 7517451 T4  WRTELALGETAST—STIEST FLARFYPTRIMEVEERSSOSERSSSSSPVESTAS —EESWYMA  FCLCAFIPET 142
¥P 001909907.1 B2 SAPLLPSGPAHSTRGSSSFES [16 ] ERAASTHTEEANNESE—TESLTLOTFTSHPSSFHGIRVLE [S]VCICAFFFET 165

P ER9E6AE. 1 87  FRFEN AFTLYREHYQGVVYAGHE GLANF DISETTGEQWRELPQATEDEWEALAE [ P IEEKARHQOOVFEYETQFER 176
KP 7R1v46. 1 143 TFRFEH AFTLYREHYOAAVVAQHPGTANFOISETTGEQWREL FQETFIEWFALAE  EEEKARHOROYFEYRYLPRER 216
¥P 001909907.1 186 FRPEN[Z1 |AFTLYRIAHJATIVOOHFGLANFDTSEITGENWEAEPEESENRWEELAE  AEELEHOTOFPGYRYQFER 2749

P ER9E6AE. 1 177 YGRDGSSESLGSGLEHNE PGS TICHRC GHRIMHPE VEFITIF — PGS VESERHS LAEQGSSENY SYIRGSRGYEHRESHE - 264
KF vE1745. 1 216 YGRDGHSEAT GSGISHSFPGE AVCHRCGGRVMT FEVSFIAFF—TFSAS A ASFHE IMVMARS YARRARDSIRAFHFTIEYVIN - 294
KP 001909507, 1 280 GHESGAFSGRTTARGHDFHE— CFHCGGRYIATFRTFSTFFmTFTAARRFFFPGGGHFFFFGYFEHRAFFFTEAS ARG 386

KF ER956E. 1 255  HGHWEHEFSEA  RQWEENGSWSPDSERRRTHF dSHYFYRTDFHRDESFFHSPYSMSEHAGE TOSLHAPRGLSIE 327
KF vE1745B. 1 295 H>—DSCFFRR  IFYEEAGCRSFDSFERRFH—CSOWHLEFHVHEDES-FESAYFMSFYTER TOGEHTRTLEQLY 362
KP 0019099071 357  AARFOWGPOGE [7]REHYEDFYSPSEARRREYHA—AGSYONYHSLEPSFFFFLFHSYPGRPE (33 ]SPGESFLIGGSIT 466

KF ER956E. 1 328 HS1MUAPRGLH FVEEHFQFDF SLTLFFLEASASMT GAMTFATEFSQ0G FHEDEESAVMSIFFLEEIE 395
EF 7517451 363 H—FSETAR YHRDHEFHIE SLELFFLATTVPLEGSVMEITEFEHDG L—SLEATVMTIFFLNEIE 423
XP 0019099071 467 GS—IAFPFVPR[14]FSHQYFFFRF [36]5LRLFPIHLSTSTSHPSTSRTFTSFON (41 JARRSVEAMVNSISTINELR 623

P ER9E6AE. 1 396  LLAKISPRLPISCEEGDPRREGEVIAVIGRDAGLYVETYTEYLSHAMSEE GEFRVEY—FDGPEISEFETEREGSYE 469
KP 7R1v46. 1 474 VLARTSPFLIPSFRONSTPQRGYVIAVIGYDEAQYEAYVYIVLNAVFLEE GEYEPEV—FEGFEVE——SRESYSA 4935
¥P 001908907.1 624 VIERTSPPLGSIPOGTRERREGFITAVEGYDLSIMELVGGYIERALRAE [20]GTTEERT £ sFSGRESHASSSEVVIGSE  T19

P ER9E6AE. 1 470 3 EMGDERY—EYFSRISEWHAVEEGIENF VES e FLERFTOSGEANEDDESPHYSPETIGPnEATEVHISSFHESEE  Bdd
KF vE1745. 1 494 A GMGDATY—DYLHT ISV HRISDDIVSFYE—FTREFSES-FPEDDDSASEISFRETITF-FTAGLETSSFARSSE  BEd
KP 001909907.1 720 AG[S]QFSDSSEEeTYLRTITEWHARSHETVSF VTS -FOGESPSASHESLITESMIFTFRHEHF————————————  7&7

KF ER956E. 1 548 HGEEAASSFPETTFTFHEZSTALFVATWER-YALTTADAY ACKVETADQY HYATHAROWM ALY RGAVGFDITYYIRECDI 623
KF vE1745B. 1 BEh  HGEESASSISGEGLSR VELALVEE—YQLTHADAF ACSVEIHDSY AFTOHNCONMAS LY EACVGEDITYVYIEDCEE 637

KF 0018909907, 1 788 ———LPGHASSSEVPIALLFS sFSLTLSDIEF ACRTFISDSY APV HROWMAT LN RGVAGADLYVYVEGITD 554
KF EBOEES. 1 624 HEL-K QYGHEYEIRLADAKAVVYERLANAFGFEE ~ LEEEVLERLGFEIEDYITR G7E
P 7E1746. 1 635 DELGR YGEHPVEVELADARTVVVERLAGS—OQKE  LEEEALERVCFEIEDFLTOQ G35

¥P 001909907.1 855 9999 [10]09eGeYEIKAGGLIAVETPVIMSQEGGSS [9 ] VDEKTERELGFEVVEWVEG [16] 944

Appendix 50 The amino acid sequence alignment of AN1962 (XP659566.1),
AFUA4G10820 (XP751745.1; AFUBO067900) and P. anserina homolog
PODANS_6 4110 (XP001909907.1). Highly conserved residues are marked in
red, while lower conserved residues are marked in blue.
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P 7E4455 1 1 WEEE—RTSTRTETERVE—REFFIFHAFERGLE AYNFF ANENEDEVEEENF GISFGAOVGEMLGERNEALSDSERRFYEE 76
P Ge0485. 1 1 WEEA—HFTEETEATRET cGREFFIF AP ERGLE AYNFF ANDNEDEVEEENF GISFGAVGEMLGEENESLEDEEREFYED 78
EP 0019051271 1 MEEAavESEARF EVER—GRGEFDF AR ERGLE AYNFF ANEQRENVEEERF GVEFGOVGEILGERNEALSDEQRAFYEA 77

P 7E4455 1 77 EARADFFRYEDEFASYNAMIDEDEEESS 104
P GE0485. 1 79 EARMADFFRYEDEFAAYEAGEAEEDEESS 106
KE 001905127 1 78  EAAADEERYEDEFRAYHVELA 95

Appendix 51 The amino acid sequence alignment of AN2885 (XP754458.1),
AFUA3G11610 (XP660489.1 AFUBO037560) and P. anserina homolog
PODANS_1 14230 (XP001905127.1). Highly conserved residues are marked
in red, while lower conserved residues are marked in blue.

HP FEOE203. 1 1 MEEETID ARAHD GOV TYRYIDFTRTEES VLV S LEHLAAAYSILTRAY TRHTHT VIFFSLSTLDLGHASH-ITAMLLE 75
CEFEa456. 1 1 IEF-END SKT—¥TIDVEEFTETEDCFLARLAQLOSLTFELSRAY THHTS AVLGODFANVDISATTHTLAASLED 71
AP OD1S0EYES. 1 1 MFRFFE[Z 7 | AQTFGGFEVITIVARFIRVEDS VI RELATIODLIRSFSAD T LRATHLLTGEGTSLENGRETLIHLEGAL— 101

HP TEOE203. 1 76 HGLLGARSSSPGARSEvGERFREFRAFFIF AT FRALTEF Y FLIMOHHEF ITAQELGES ARFEIVEDEGTERN AENMPEARE 155
CEFGa455. 1 T2 TGVLAAMGTGEGAES —GERFKEFREA-DFRATFRT LT FFLIMHHNEARTAEELGEDART EIWVEHEGTERN AENPISAE 148
MP OO1S08YES. 1 102 GELMPAALAAFMEVYE —ERFERFRRTHOPHAPERFLTEYFLYMAT AR ITASTLGEGAPRGAVAEEGARRN AVIAPGEE 179

P 7R0=203. 1 186 EVWERLYADHLAVYEEREVEAY KAGKENTE—DIHTEAASQLANDT AGAS ASGGEESIEQEQEEEAIEDEETE—ESEFE 230
CEFS8455. 1 149 EVWERLYADHLAAYREEVAAYEAGLFFDE—— DI HDEAADQLHL DVAAREAS —DEEEEEEEDEHGEEEEEEE—EESFE 221
EP 001905765 1 180 AGKHTAVEYHLRLYQARVHSYEAGHMDARD. sIDEARAYAELY-NIDVENLADVEEFF ADEQDATARRIHAT Aav ESFFA 265

HP TEO20E. 1 231  FYREFTFFREHnFERRSEVETFSE FHESPERFERTS ARKGHEFIEEEEFF A = tEEAAAAGAT ASAFRSFEFRESEVG 306
CEFE0456. 1 222 FAKFFTPFPP-FRRESEGE-FSE[11]RHESFEKFRRGAME—DEEEF——RESLGG——ESERSEEERESDVG 293
HF 00190676EE. 1 269 EVSEEETAFT AETEHE —FAVTRERESTAATEAVFEFTETET A ATFASFEAFFRFEISEAMRET 319
AP TROZ05. 1 307 GIE- 309
CEFE2455. 1 234 GIDE 297

%P 001908765, 1 320 VEER[i0] 333

Apendix 52 The amino acid sequence alignment of AN10103 (XP750203.1)
AFUA1G04550 (CBP89496.1; AFUB004890) and P. anserina homolog
PODANS 1 11050 (XP001908768.1). Highly conserved residues are marked
in red, while lower conserved residues are marked in blue.
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EAARESED. 1 1 - MFLELTRRGEETLRRFPGT GSLARF VEVFSFAHEVEC I TFVARRSFISVTRGLFCSSSTVTT-LARSTATHIGES 74
P TEEET0.1 1 M[74IMPEHI TQGGGETLRYLHRSHAL TRFSEYAT ARG TRRTCYVEMHSLYSF TMETFEPSVILSRFLIHSFATTITED 150

P 001912862, 1 1 u TQLLETVFGELGLAQYLDAFLEQGFDTWETIL 33
EAAGEEED. 1 75 EEacSESTESTETTETREETEREAGEEFAVE— ETREVLTEEQKEAR [4 |KAFELFETERFLEAAALOTPEIIPTLEYH 162
P 7BE37T0.1 1561 DE—TETTESTGSETGRENTFERSSEAMTEAkp FPERELTIEREEAY  KAERMEELVEQLEETALEFFERLIENPW-H 224
P 001912862 1 34 DI—TESDLOTLGVELGHERELARRTAWTEG B2
EAMGEEED. 1 183 AMFDELSEVDESDHFSFEEAFSREATELAREATFEERARY VI AMANEAANE A TEANVISHTFLATLEANNARRELAGLE 232
P 7BE37T0.1 225 LTIATVARGLAARGYHGTIFIMQCERLANSTSAEERERTATEAEANEAAHAAAYEAWTOOHT FRATEDANAARRRLNETE 304
P 001912662, 1 63 TAPDASLYSPTREFSIEELRLADAQRT DASRRDARDAGVLWVVTEREY—REHFE— 113
EAAGEEED. 1 233 GERrVEITHDDELVEFPTS ARTYFFMERREDE—HALYVSIMAQDVAVOWENLE ASEEAPY LEKARADEARYEREYLEY 308
P _TREETO0.1 308 HTS-LELLHDDEGVERFRT AYLLYMLORT AEGIFEYMT AR T SVELTEEWRGLT ATEFERY FEQAEEDEERYRREYLEY 382

P 001912862 1 114 PIERAFERFFS AYYLFSHEMEEELEGENL SFTET AKLVGENHOS L NASEREFYESQAQATEREYISILARY[15] 203

EAAGEEED. 1 309 TGRPVFRLEGHEESCKDE 326
P 7BE3TO. 1 333 YGEE-FSTSRSTTACFSE 399
LF 001918962 1 204 HGSPPQEMLESHRTSFFE[Z57] 476

Appendix 53 The amino acid alignment of AN1267 (EAA65860.1)
AFUA1G10040 (XP752370.1; AFUB009460) and P. anserina homolog
PODANS 1 7390 (XP001912962.1). Highly conserved residues are marked in
red, while lower conserved residues are marked in blue.

AFUB09460

“AF09460 AF69370
-

Appendix 54 Construciton of hph containing HMG gene deletion
cassettes via fusion PCR. The upstream and downstream flanking fragments
shows a band with aprrox. 1 kb in siza, and the hph fragment band with approx.
2.8 kb in size The AFUB69370 and AFUB09460 were synthesized with a size
of approx. 4.8 kb.
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AFUB04890 AFUB37560 AFUB3G06170

AFUB42900 AFUB67900

Appendix 55 Amplification of HMG genes cassettes. The approx. size of
each deletion cassette was 4.8 kb.

AFUB04830 AFUAIG04550

. AFUB09460 AFUA1G10040 AFUB37560AFUASGLLGL0JRIE ==  £FUA3 COOLT0
B PCRIMONPC 1 2 Pc 12 pc 1 2Ll
—— b

500 bp .

AFUB42900
'AFUBS7900AFUA4G10820

PCT 12 pE 12 AFUB69370  AFUA4G12410
Ol 2 Cmpl PC 1 2 Cmpl

Appendix 56 Verification of the knock-out of the Gol in A. fumigatus. See
annotation on individual gels for the gene being screened. Parental strains
47-465 and 47-466 were used as the positive control (PC) which gave the
product with size approx. 500 bp. The designed primers band with in the ORF
of Gol. Cmpl indicate the complementation strain. The absence of a band in the
numbered transformants indicates replacement of the target genes whereas
presence of a gene product suggests ectopic transformation.
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W AFUB04890 AFUA1G04550 ! g AFUA3 G06170
AFUB37560 AFUA3G1161 - -,
e PC 1 2 PC1 2 .-
L

AFUB69370 AFUA4G12410
28CmpIsPC. 1 2  Cmpl

Appendix 57 Verification of the integration of hph in A. fumigatus. The
parental strain 47-465 as 47-466 were used as the positive control (PC) which
unable to produce a product. The fragment produced with primer sets designed
from the internal hph ORF region and the downstream flanking region of the
target gene. Diagnostic fragments were all designed to be approx. 1-1.5 kb in
size. Cmpl indicate the complementation strain which did not gave a product.

bla gens promoter_P(BLA) 4602 . . 4502

bla pene— Aplr) determinant_AP 4567 .

415. .. 1749 AnPep E

AnPepdd ble_AttrplT_plUCiS. sb. xdn - 4767 nt

_|_

1735 __ 1769 2240%
1750. .. 2124 ble|

[1ac promoter_F(LAC) 2588. .. 2585 S iamasiln ST

Hotl 2488 2125 . _ 2495 AttrpcT|

FNazeH cleavaps pointg ORI Z04E. _ 2048

Appendix 58 The map of pUC19-ble containing plasmid. The rose line
indicates the deletion cassette containing promotor AnPgpdA, ble, and terminor
AttrpcT. The gray line indicates the fragment of the vector pUC19. The light
blue line indicates selectable marker Amp.
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AFUBS9370 up Gol fwd B337...324
Kol 830

pliC19 B567Z. . . Ba61 1. . 2741 AFUEGI37T0 up Gol|

AFUBES3IT0 C_sccembledseq A zdna - 8361 nt

_|_

AFUBE9370 dn_rew 5696. .. 5647

[aFUBS93TO dn 411 . s671]

ZTEE. . . 2724 AFUEGIZTD up Gol_rew|

b
ZT742. .. 4810 ble

AFIB693T0 dn_fed J4TE6. . - 4E20)

Appendix 59 The map of the pUC19-ble-AFUB69370 containing plasmid.
The blue line indicates the upstream flanking region and gene of interest. The
yellow line indicates the selectable marker ble. The green line indicates the
downstream flanking region of the target gene. The red line indicates the
fragment of the vector pUC19.

ble U+Gol D U+Gol D
3 kb ~ et —

1 kb

Appendix 60 Construction of pUC19-ble-AFUB69370 plasmid. See
annotation on individual gels for the gene being screened. Lable ble
indicates the fragment (with approx. size 2 kb) digested from pUC19-ble
plasmid with Notl. U+Gol indicates a fragment from the upstream flanking and
AFUB69370 ORF region which was approx.3 kb in size. D indicates the
downstream flanking region of AFUB69370 which was apporx. 1 kb in size.
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pUC19-AFUB69370C-ble

Casnmmmey Sl -

Appendix 61 Screening of pUC19-AFUB6930C-ble plasmid by digesting
with Xhol. The target plasmids were digested into two fragment which were
5728 bp and 2633 bp.

. - ¢ el Ot -

Appendix 62 Amplification of the complementation cassettes from the
pUC19-AFUB6930C-ble plasmid. The size of the fragment was approx. 5.7 kb
in size.
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Appendix 63 Levels of fumagillin production in control and AHMG strains
of A. fumigatus (MAT1-1 background)

Strain Average+SEM (ug/mL) Replicates
47-465 10.43+1.632 3
AAFUBO04890M1a 13.13+0.8708 3
AAFUB04890M1b 16.00+1.069 3
AAFUB09460M1a 26.34+8.896 3
AAFUB09460M1b 58.30+£6.565 3
AAFUB37560M1a 20.83+2.664 3
AAFUB37560M1b 132.4+34.06 3
AAFUB42900a 11.71+£0.5324 3
AAFUB42900b 12.94+0.6295 3
AAFUBG67900M1a 13.70+1.801 3
AAFUBG67900M1b 12.17+3.237 3
AAFUBG9370M1a 16.76+1.504 3
AAFUBG9370M1b 14.69+0.5175 3
AFUB69370M1C 136.2+15.36 3

Appendix 64 Levels of fumagillin production in control and AHMG strains
of A. fumigatus (MAT1-2 background)

Strain Average+SEM (pg/mL) Replicates

46-466 38.65+5.134 3
AAFUBO04890M2a 66.50+16.69 3
AAFUB04890M2b 41.59+17.19 3
AAFUB09460M2a 155.2+6.916 3
AAFUB09460M2b 125.2+23.95 3
AAFUB37560M2a 14.04+1.502 3
AAFUB37560M2b 13.37+1.211 3
AAFUA3G06170a 57.66+4.869 3
AAFUA3G06170b 34.40+3.428 3
AAFUBG67900M2a 21.34+3.171 3
AAFUBG67900M2b 40.93+12.59 3
AAFUBG9370M2a 22.31+7.010 3
AAFUBG9370M2b 24.54+4 533 3
AFUBG9370M2C 14.59+1.235 3
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Strain Average=SEM (ug/ml) Replicates
47-465 192.6+46.04 3
AAFUBO04890M1a 192.9+2.276 3
AAFUB04890M1b 220+45.32 3
AAFUBO09460M1a 93.71+28.73 3
AAFUB09460M1b 128.9+17.61 3
AAFUB37560M1a 6.582+2.743 3
AAFUB37560M1b 207.9+37.12 3
AAFUB42900a 1.227+1.227 3
AAFUB42900b 90.42+17.12 3
AAFUBG67900M1a 2.762+2.63 3
AAFUBG67900M1b 108.8+52.27 3
AAFUBG9370M1a 0 3
AAFUBG9370M1b 0.7721+0.7721 3
AFUBG69370M1C 30.34+4 541 3

Appendix 65 Levels of pseurotin A production in control and AHMG
strains of A. fumigatus (MAT1-1 background)

Appendix 66 Levels of pseurotin A production in control and AHMG
strains of A. fumigatus (MAT1-2 background)

Strain Average=SEM (ug/ml) Replicates

46-466 268+23.27 3
AAFUBO04890M2a 258.5+4.792 3
AAFUB04890M2b 193.6+51.89 3
AAFUB09460M2a 178+8.021 3
AAFUB09460M2b 34.79+8.442 3
AAFUB37560M2a 23.75+13.78 3
AAFUB37560M2b 12.22+1.846 3
AAFUA3G06170a 169.8+23.93 3
AAFUA3G06170b 9.41+7.487 3
AAFUBG67900M2a 0.3104+0.3104 3
AAFUBG67900M2b 0 3
AAFUBG9370M2a 1.177+0.6606 3
AAFUBG9370M2b 1.347+0.7031 3
AFUBG69370M2C 24.03+2.864 3
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Appendix 67 Levels of gliotoxin production in control and AHMG strains
of A. fumigatus (MAT1-1 background)

Strain Average+SEM (pg/mL) Replicates
47-465 84.08+35.66 3
AAFUBO04890M1a 264.7+203.3 3
AAFUB04890M1b 98.31+23.33 3
AAFUBO09460M1a 218.2+159.6 3
AAFUB09460M1b 45.23+3.605 3
AAFUB37560M1a 39.04+9.398 3
AAFUB37560M1b 29.19+3.359 3
AAFUB42900a 52.48+25.42 3
AAFUB42900b 55.26+24.39 3
AAFUBG67900M1a 61.69+8.316 3
AAFUBG67900M1b 66.08+14.74 3
AAFUBG9370M1a 85.67+36.44 3
AAFUBG9370M1b 23.4+2.384 3
AFUBG9370M1C 34.73+3.28 3

Appendix 68 Levels of gliotoxin production in control and AHMG strains
of A. fumigatus (MAT1-2 background)

Strain Average+SEM (ug/mL) Replicates

46-466 84.08+35.81 3
AAFUB04890M2a 76.33+20.97 3
AAFUB04890M2b 26.16+4.523 3
AAFUB09460M2a 34.66+4.912 3
AAFUB09460M2b 179.2+92 .44 3
AAFUB37560M2a 67.34+13.18 3
AAFUB37560M2b 23.48+6.748 3
AAFUA3G06170a 90.67+8.834 3
AAFUA3G06170b 60.62+14.87 3
AAFUB67900M2a 85.2+49.13 3
AAFUB67900M2b 196.4+154.1 3
AAFUB69370M2a 113.7+86.79 3
AAFUB69370M2b 58.62+35.93 3
AFUBGB9370M2C 36.72+9.908 3
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